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Introduction 


A  significant  portion  of  prostate  cancer  patients  fails  the  standard  hormonal  ablation 
therapy  and  will  eventually  develop  locally  advanced  or  metastatic  disease.  Long  term  remission 
is  usually  not  achieved  by  additional  surgery  or  radiation  therapy.  Therefore,  the  development  of 
new  therapeutic  approaches  or  modalities  is  a  spearhead  priority  of  prostate  cancer  research.  We 
here  provide  continued  evidence  for  our  original  research,  demonstrating  that  radiation-induced 
growth  retardation  and  cell  death  of  prostate  cancer  cells  is  synergistically  enhanced  by  DNA- 
methylation  inhibitors  (DNMTIs)  and  histone-deacetylase  inhibitors  (HDACIs).  We  have  also 
shown  that  prostate  cancer  cells  possess  a  hitherto  unknown  signaling  pathway  involving  nitric 
oxide  (NO),  cGMP  and  protein  kinase  G  (PKG),  which  stimulates  expression  of  Inhibitor  of 
Apoptosis  Proteins  (IAPs),  thereby  altering  susceptibility  of  these  cells  to  radiation-,  DNMTI- 
and  HDACI-induced  apoptosis.  Our  accumulated  data  provide  novel  infonnation  about  the 
regulatory  mechanisms  underlying  radiation-  and  DNMTI-induced  cell  death  which  could  be 
easily  implement  in  the  clinical  arena.  In  addition,  we  have  defined  a  novel  role  for  the 
NO/cGMP/PKG  signaling  pathway  in  regulating  apoptotic  susceptibility  of  prostate  cancer  cells. 
Taken  together,  the  research  we  here  present  will  undoubtedly  contribute  to  the  development  of 
novel  therapeutic  approaches  for  the  treatment  of  prostate  cancer. 
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Body  of  Research 


Several  portions  of  the  initial  proposal  have  been  completed  during  the  past  12  months 
and  have  been  finalized  in  nine  manuscripts  that  have  been  either  published,  under  review  for 
publication  or  being  prepared  for  publication.  For  clarity  we  will  introduce  each  of  these 
completed  projects  as  a  summary  and  for  more  details  we  will  present  the  whole  manuscript  as 
an  attachment  as  indicated. 


Original  Statement  of  Work 


a.  Growth  inhibition  properties  of  DNMTIs  (5-Azacytidine,  decitabine  and  zebularine) 

alone  and  in  combination  with  RT  will  be  determined  in  prostate  cancer  (DU145, 
LnCAP,  &  PC-3)  cell  lines. 

b.  A  novel  technique  pioneered  by  the  Co-PI  (Dr.  Fiscus),  utilizing  the  new  technologies  of 

capillary  electrophoresis  with  laser-induced  fluorescence  detector  (CE-LIF)  and 
microchip  electrophoresis  (micro-CE),  will  be  used  to  characterize  and  quantify 
levels  of  apoptotic  DNA  fragmentation  in  prostate  cancer  cell  lines  induced  by  the 
selected  treatments. 

c.  Apoptotic  mechanisms  of  RT  and  DNMTIs  will  be  determined  using  CE-LIF,  micro-CE, 

caspase  activity  assays  and  PARP  cleavage  as  well  as  analysis  of  pathways  involving 
BCL-2,  BAX,  BID,  IAP  proteins  and  death  receptors  (DR4  and  DR5). 

d.  Using  specific  inhibitors  and  siRNA  gene  knockdown  of  NOSs/PKGs,  the  involvement 

of  the  NO/cGMP/PKG  signaling  pathway  in  regulating  the  susceptibility  of  prostate 
cancer  cells  to  induction  of  apoptosis  by  RT,  DNMTIs  and  HDACIs,  alone  and  in 
combination,  will  be  determined. 

e.  Molecular  mechanisms  underlying  the  interactions  between  DNMTIs  and  RT  will  be 

investigated,  including  studies  of  H2AX  phosphorylation,  ATM/ATR  and  Chkl/Ch2 
induction. 

f.  Involvement  of  the  NO/cGMP/PKG  signaling  pathway  in  stimulating  expression  of  the  8 

IAPs  (NAIP,  cIAP-1,  cIAP-2,  XIAP,  Ts-XIAP,  LIVIN  (ML-IAP),  Apollon  and 
Surivin)  in  prostate  cancer  cells  will  be  detennined. 

g.  Prostate  cancer  xenografts  in  athymic  mice  (in  vivo  model)  with  microMRI  testing  will 

be  used  to  further  detennine  the  interactions  of  DNMTIs  and  RT  as  well  as  HDACIs, 
angiogenesis  inhibitors  and  IAP  inhibitors,  and  their  potential  synergistic  ability  to 
reduce  tumor  growth. 
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Findings  as  related  to  Statement  of  Work 

a.  Growth  inhibition  properties  of  DNMTIs  alone  and  in  combination  with  RT  in  prostate 

cancer  cell  lines. 


One  of  the  key  aims  of  the  here  reported  study  was  to  evaluate  the  feasibility  of  utilizing  several 
DNA  methyl  transferase  inhibiting  compounds  as  sensitizing  agents  during  radiation  treatment  of 
prostate  cancers.  To  that  end,  we  have  assessed  the  anti-proliferative  properties  of  several  DNA 
methyl  transferase  inhibiting  compounds,  either  as  single  agent  modalities  or  in  combination 
with  ionizing  radiation.  These  studies  were  conducted  in  vitro,  utilizing  cultured  prostate  cancer 
cells,  as  well  as  in  vivo,  utilizing  prostate  cancer  xenografts.  The  research  methodology  of  both 
approaches  is  described  in  detail  in  the  attached  manuscript  of  Weterings  et  al.  (Attachment  I; 
‘Low  dose  5-azacytidine  radio-sensitizes  prostate  cancer  cells  by  impairing  DNA  double-strand 
break  repair.’  by  Eric  Weterings,  Pamela  M.  Dino,  Yi  Feng,  Eugene  F.  Hayes,  James 
Symanowski,  Sunil  Sharma,  and  Giuseppe  Pizzomo.). 
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Figure  1.  5-azacytidine  impairs  DNA  repair  in  prostate  cancer  cells 
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The  in  vitro  component  encompassed  quantification  of  the  effects  of  the  cytidine 
analogue  5-azacytidine  and  its  deoxy-derivative  decitabine  on  the  androgen-dependent  LNCaP 
and  the  androgen- independent  DU- 145  and  PC-3  prostate  cancer  cell  lines.  Clonogenic  survival 
analysis  demonstrated  that  both  decitabine  and  5-azacytidine  as  a  single  modality  were  capable 
of  reducing  cell  survival  (Figure  1).  Interestingly,  in  androgen-insensitive  PC-3  and  DU- 145 
cells  these  effects  were  statistically  significantly  enhanced  in  a  synergistic  manner  (Figure  1). 
These  observations  were  solidified  by  ANOVA  analysis  and  calculation  of  the  synergy  indexes 
as  presented  in  Table  1.  Taken  together,  these  data  serve  as  proof  of  principle  that  both  5- 
azacytidine  and  decitabine  have  a  capability  of  serving  as  radiation  potentiating  compounds  in 
vitro. 


Table  1  Analysis  of  variance  to  assess  synergistic  potential  of  combination  therapy 


Drug 

Cell  Line 

Survival 

Drug 

Survival 

Radiation 

Survival 

Comb. 

Expected 

Survival1 

Interaction 

p-value 

Synergy 

Index 

Decitabine 

PC-3 

21.1 

79.4 

8.1 

16.7 

0.007 

0.48 

Decitabine 

DU- 145 

45.9 

61.6 

36.8 

28.3 

<0.001 

1.30 

Decitabine 

LNCaP 

33.8 

33.9 

9.3 

11.5 

<0.001 

0.81 

5-Azacyt 

PC-3 

74.1 

77.2 

25.3 

57.2 

<0.001 

0.44 

5-Azacyt 

DU- 145 

80.0 

57.4 

22.1 

46.0 

0.513 

NR 

5-Azacyt 

LNCaP 

54.6 

47.9 

35.3 

26.2 

0.182 

NR 

lExpected  survival  for  the  combination  if  drug  and  radiation  therapy  were  additive. 

NR  =  not  reported  because  interaction  term  was  not  significant  indicating  additivity. 

The  significant  radiation  sensitization  of  the  DU-145  and  PC-3  cell  lines  induced  by  5- 
azacytidine  and  its  deoxy-derivative  lead  us  to  speculate  that  these  compounds  may  reduce  the 
efficiency  of  DNA  double-strand  break  (DSB)  repair.  In  order  to  test  this  hypothesis,  we 
measured  the  onset  and  disappearance  of  y-H2AX  foci  at  regular  intervals  after  radiation,  either 
in  the  absence  or  presence  of  5-azacytidine  or  decitabine  (Figure  2).  This  technique  is  one  of  the 
well-established  methodologies  available  to  quantify  the  presence  of  DSBs  in  cell  nuclei. 

As  expected,  we  observed  a  temporary  increase  and  a  subsequent  steady  decrease  in  y- 
H2AX  foci  in  LNCaP,  DU- 145  and  PC-3  prostate  cancer  cell  lines  after  irradiation,  indicating 
nonnal  DSB  repair  (Figure  2).  Interestingly,  upon  treatment  of  PC-3  and  DU- 145  cells  with  5- 
azacytidine,  a  much  less  pronounced  decrease  of  y-H2AX  foci  numbers  was  observed.  The 
difference  in  decreasing  speed  -  reflecting  the  speed  of  DSB  repair  -  was  found  to  be  highly 
statistically  significant  as  further  detailed  in  Table  2.  We  conclude  from  these  findings  that  5- 
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azacytidine  treatment  of  the  androgen-dependent  cell  lines  DU- 145  and  PC-3  induced  delay  or 
impairment  of  DSB  repair. 


A 


Untreated 


4Gy  radiation 


H2AX  foci 
-  (green) 


B  PC-3 

5-azacytidine  +/-  radiation 


Dm*  pod  radiation  (hr*» 


PC-3 

decitabine  +/-  radiation 


□  untreated  BO  OSpM  dacrtablna  □  JGy  radiation  ■  combination 


DU-145 

5-azacytidine  +/-  radiation 


DU-145 

decitabine  +/-  radiation 


LNCaP 


5-azacytidine  +/-  radiation 


LNCaP 

decitabine  +/-  radiation 


□  2Gy  radiation  ■  comblnatl  on 


Figure  2.  5-Azacytidine  impairs  DNA  repair  in  prostate  cancer  cells 
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Table  2.  Analysis  of  time  trends  in  gamma-H2AX  foci  decrease 


Time  trend  in 
radiation  only  groups 

Time  trend  in 
combination  groups 

Comparison 
of  trends 

Comparison  of 
trend  ratios 

Drug 

Cell  Line 

Decrease  in 
foci  per  hrs 

P-value 

Decrease  in 
foci  per  hour 

P-value 

P-value 

5-Azacyt 

PC-3 

0.44 

<0.001 

0.15 

<0.001 

<0.001 

2.9 

5-  Azacyt 

DU-145 

0.37 

<0.001 

0.23 

<0.001 

0.007 

1.6 

5-  Azacyt 

LNCaP 

0.37 

<0.001 

0.34 

<0.001 

0.765 

NR 

Decitabine 

PC-3 

0.33 

<0.001 

0.19 

<0.001 

<0.001 

1.7 

Decitabine 

DU-145 

0.27 

<0.001 

0.18 

<0.001 

<0.001 

1.5 

Decitabine 

LNCaP 

0.24 

<0.001 

0.42 

<0.001 

0.080 

NR 

NR=  not  reported  because  difference  in  time  trends  was  not  significant 

A  similar  effect  was  observed  for  decitabine  (Figure  2).  However,  this  observation  was 
complicated  by  the  fact  that  decitabine  treatment  as  a  single  modality  increased  the  number  of  y- 
H2AX  foci,  indicating  that  decitabine,  unlike  5-azacytidine,  is  capable  of  introducing  DSB  by 
itself.  We  theorize  that  this  activity  of  decitabine  is  caused  at  least  in  part  by  the  fact  that  this 
compound  is  exclusively  incorporated  into  the  DNA  rather  than  the  RNA,  where  it  can  cause 
DNA  breaks  by  strand  tennination.  From  this  observation  we  conclude  that  although  decitabine 
and  5-azacytidine  both  radio-sensitize  prostate  cancer  cells,  the  underlying  mechanism  of  activity 
must  be  markedly  different  between  both  related  compounds. 

In  order  to  further  support  our  theory  that  5-azacytidine  radio-sensitizes  DU- 145  and  PC- 
3  prostate  cancer  cells  by  impairing  DSB  repair,  we  performed  a  DSB  repair  efficiency  assay 
which  is  based  on  transfection  and  subsequent  repair  of  linearized  plasmids  (Figure  3).  This 
methodology,  as  detailed  in  Attachment  I,  essentially  utilizes  linearized  plasmids  as  mimic 
substrates  for  a  DNA  break.  Repair  of  the  plasmid  by  recipient  cells  can  only  occur  through  a 
direct  joining  process  which  is  mediated  by  the  non-homologous  end -joining  (NHEJ) 
mechanism.  Quantification  of  DSB  repair  is  done  by  perfonning  a  PCR  reaction  over  the  joint 
area  of  the  ‘repaired’  plasmid,  followed  by  measurement  of  the  PCR  product. 

This  line  of  investigation  revealed  that  treatment  with  increasing  concentrations  of  5- 
azacytidine  markedly  reduced  NHEJ  efficiency  in  DU- 145  and  PC-3  cells,  but  not  in  LNCaP 
cells  (Figure  3).  These  results  were  not  obtained  when  5-azacytidine  was  substituted  with 
decitabine,  once  again  demonstrating  that  5-azacytidine  and  decitabine  display  different  modes 
of  activity  with  respect  to  radiation  resistance  mechanisms. 
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Figure  3.  5-Azacytidine  reduces  non-homologous  end-joining  efficiency 


Taken  all  our  observations  together,  we  conclude  that  5-azacytidine  has  a  clear  capability 
to  increase  radiation  sensitivity  of  the  commonly  utilized  androgen-insensitive  prostate  cancer 
cell  lines  DU- 145  and  PC-3.  This  potentiating  activity  is  supported  by  the  ability  of  this 
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compound  to  reduce  the  efficiency  of  DSB  repair,  which  in  turn  is  at  least  partially  caused  by 
delay  or  impairment  of  the  NHEJ  pathway.  The  deoxy-counterpart  of  5-azacytidine,  decitabine, 
has  a  similar  radio-sensitizing  effect,  but  the  underlaying  mechanism  of  activity  is  likely  to  be 
very  dissimilar  and  less  well  understood  than  that  of  5-azacytidine. 

Based  on  our  research,  we  propose  that  5-azacytidine  may  be  an  interesting  candidate  for 
potentiation  of  radiation  therapy  during  treatment  of  prostate  cancers.  We  have  further  evaluated 
and  confirmed  the  in  vivo  significance  of  these  findings  by  examining  the  effects  of  5- 
azacytidine  on  prostate  cancer  xenografts,  the  results  of  which  we  will  discuss  under  point  g. 

A  logical  follow-up  study  of  our  research  would  be  the  evaluation  of  the  influence  of  5- 
azacytidine  on  expressional  modulation  of  genes,  RNA  species,  or  proteins  which  are  involved  in 
DSB  repair.  In  fact,  we  have  at  present  started  to  engage  in  such  a  line  of  experimentation. 


b.  A  novel  technique  pioneered  by  the  Co-PI  (Dr.  Fiscus),  utilizing  the  new  technologies 
of  capillary  electrophoresis  with  laser-induced  fluorescence  detector  (CE-LIF)  and  microchip 
electrophoresis  (micro-CE),  will  be  used  to  characterize  and  quantify  levels  of  apoptotic  DNA 
fragmentation  in  prostate  cancer  cell  lines  induced  by  the  selected  treatments. 


A  CE-LIF  system  (PA800  from  Beckman  Coulter,  Inc.)  was  purchase  as  part  of  this  DOD 
Award.  For  the  micro-CE  instruments,  we  tested  two  micro-CEs,  the  2100  Bioanalyzer  from 
Agilent  and  the  LC3000  from  Caliper,  before  purchasing,  and  found  that  both  of  these 
instruments  could  not  provide  adequate  sensitivity  (compared  with  a  true  CE-LIF  system)  for 
measuring  apoptotic  DNA  fragmentation.  In  our  search  for  an  adequately-sensitive  instrument, 
we  found  that  a  new  type  of  CE,  originally  called  a  HDA-GT12  Genetic  Analyzer  from  eGene, 
Inc.  (Irvine,  CA)  (now  called  QIAxcel  and  marketed  by  Qiagen),  which  contains  12  capillaries 
and  12  light  emitting  diode  (LED)  detectors  (which  we  call  a  12-CE-LED-IF  system),  could 
provided  sensitivity  for  DNA  analysis  that  was  nearly  the  sensitivity  of  a  conventional  CE-LIF 
system,  but  with  much  better  throughput  (because  of  the  simultaneous  use  of  12  capillaries  and 
shorter  electrophoretic  runs).  This  12-CE-LED-IF  system  was  purchased  from  eGene,  Inc.  as 
part  of  this  DOD  Award  and  was  used  in  our  experiments  for  apoptotic  DNA  fragmentation 
analysis  in  prostate  cancer  cells  and  other  cancer  cells,  as  related  to  the  original  objective 
(Statement  of  Work,  b.)  stated  in  the  DOD  Award  (data  shown  below  and  in  publications  and 
manuscripts  in  the  Appendix). 

Initial  experiments  analyzing  apoptotic  DNA  fragmentation  analysis  using  both  the  single 
capillary  CE-LIF  system  (PA800  system)  and  the  12-CE-LED-IF  system  (QIAxcel  system) 
showed  that  human  prostate  cancer  cell  lines  (PC-3,  DU145  and  LNCap)  did  not  display  clear 
apoptotic  DNA  fragmentation  following  exposure  to  chemotherapeutic  agents,  like  we  had 


11 


previously  shown  in  mouse  and  rat  cell  lines.  The  reason  for  this  difference  is  not  clear,  but  may 
relate  to  different  cellular  mechanisms  in  the  different  species  and  in  the  initiation  of  the  caspase- 
3 -dependent  activation  of  endonucleases  that  would  result  in  apoptotic  DNA  fragmentation. 
Other  studies  from  our  lab  as  well  as  other  labs  have  found  clear  differences  in  different  species 
and  cell  lines  concerning  whether  or  not  the  cells  show  clear  apoptotic  DNA  fragmentation 
during  the  development  of  apoptotic  cell  death.  For  example,  in  some  cell  lines  exposed  to 
chemotherapeutic  agents  and  other  toxins,  secondary  necrosis  occurs,  dumping  the  cellular 
contents  into  the  media  before  apoptotic  DNA  fragmentation  can  occur,  thus  making  it  difficult 
to  capture  the  apoptotic  DNA  fragments  for  analysis. 

To  utilize  the  CE-LIF  and  12-CE-LED-IF  instruments  in  our  studies,  we  conducted 
experiments  using  the  mouse  N1E-115  neuroblastoma  cell  line  and  analyzed  the  induction  of 
apoptotic  DNA  fragmentation  by  ODQ,  an  agent  that  blocks  the  activation  of  soluble  guanylyl 
cyclase  by  endogenous  nitric  oxide  (NO).  Blocking  the  endogenous  biosynthesis  of  cyclic  GMP 
by  using  the  ODQ  caused  a  sizable  increase  in  the  levels  of  apoptotic  DNA  fragmentation  in  the 
N1E-1 15  cells,  using  the  QIAxcel  12-CE-LED-IF  system  (shown  in  Figure  4). 


I  ndentif ication  and  quantification  of  apoptotic  DNA  fragmentation 
using  a  new  12-channel  capillary  electrophoresis  with  LED- induced 
fluorescence  detector  (  12- CE- LED- 1  F)  methodology: 

ODQ- induced  depletion  of  cyclic  GMP  levels  in  N1E-115  mouse 
neuroblastoma  cells  causes  induction  of  apoptosis  (apoptotic  DNA 
fragmentation,  measured  by  12- CE-  LED- 1  F) 
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Figure  4.  Use  of  12-CE-LED-IF  system  to  determine  apoptotic  DNA  fragmentation  levels 
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A  published  version  of  similar  data  are  shown  in  Figure  5  on  page  550  of  the  attached 
publication: 

M.G.  Johlfs  and  R.R.  Fiscus,  Protein  kinase  G  type-la  phosphorylates  the  apoptosis¬ 
regulating  protein  Bad  at  serine  155  and  protects  against  apoptosis  in  N1E-1 15  cells,  Neurochem. 
Int.,  56:  546-553,2010. 

Figure  5  illustrates  another  application  for  the  QIAxcel  12-CE-LED-IF  system,  which 
we  have  developed  during  the  last  year  of  the  DOD  funded  project,  which  was  designed  to 
provide  a  quantitative  and  accurate  analyze  of  our  mRNA  samples.  This  new  application 
involves  multiplexed  analysis  of  RT-PCR  products,  allowing  us  to  use  CE-based  methodology  to 
accurately  measure  the  mRNA  levels  in  biological  samples.  The  advantage  of  this  new 
methodology  is  that  off-target  DNA  products  or  primer-dimers,  which  are  often  a  problem  when 
using  conventional  Real-time  PCR  methods,  can  be  clearly  visualized  (and  separated  from  the 
important  data)  when  using  the  12-CE-LED-IF  system.  The  figure  shows  PCR  products 
representing  the  two  isoforms  of  PKG-I  in  a  sample  of  SH-SY5Y  human  neuroblastoma  cells, 
used  as  an  example  of  the  usefulness  of  this  new  methodology. 


Multiplexed  analysis  of  reverse  transcriptase- polymerase  chain 
reaction  (RT-PCR)  products  using  a  new  12-channel  capillary 
electrophoresis  with  LED- induced  fluorescence  detector 
(12-CE-LED-IF)  methodology: 

PKG-I  a  and  PKG-I  p  transcript  (mRNA)  levels  in  the  SH-SV5Y  human 
neuroblastoma  cell  line  (measured  by  12-CE-LED-l  F) 

Gel  simulation  of  CE-style  electropherogram 

CE  electropherogram 


marker  15  bp  DNA 

marker 


Figure  5.  Use  of  the  12-CE-LED-IF  system  to  analysis,  in  a  multiplexed  manned,  RT-PCR  products  for 
the  determination  of  mRNA  levels  in  biological  samples 
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Further  studies  using  this  new  methodology  were  conducted  on  the  prostate  cancer  cells 
described  in  the  Statement  of  Work.  Because  of  its  superior  ability  to  quantify  mRNA  expression 
levels,  this  new  12-CE-LED-IF  system  was  used  to  accurately  determine  the  level  of  gene 
knockdown  caused  by  transfecting  PC-3  cells  with  shRNA  constructs  designed  to  specifically 
silence  the  expression  of  PKG-Ia/p.  The  resulting  data  are  shown  in  two  attached  manuscripts 
(in  the  Appendix): 

R.R.  Fiscus,  M.  Bathina,  M.G.  Johlfs,  J.C.  Wong,  O.B.  Goodman,  Jr.,  S.  Sharma,  G. 
Pizzomo  and  N.  J.  Vogelzang.  Involvement  of  the  protein  kinase  G  type-la  signaling  pathway 
in  suppressing  apoptotic  cell  death  in  prostate  cancer  cells.  Manuscript  prepared  for  submission 
to  Oncogene.  Figure  8,  Panel  a,  showing  dramatic  downregulation  of  mRNA  levels  of  the  PKG- 
Ia  transcripts  following  shRNA  gene  knockdown.  This  gene  knockdown  was  then  used  to  show 
that  PKG-Ia  plays  an  essential  role  in  suppressing  onset  of  apoptosis  in  prostate  cancer  cells  (in 
partial  fulfillment  of  the  Statement  of  Work  objective  d.,  listed  below). 

R.R.  Fiscus,  M.  Bathina,  M.G.  Johlfs,  J.C.  Wong,  O.B.  Goodman,  Jr.,  S.  Sharma,  G. 
Pizzomo  and  N.J.  Vogelzang.  Basal  cyclic  GMP  levels  and  protein  kinase  G  type-la  activity 
play  an  essential  role  in  promoting  cell  proliferation  in  prostate  cancer  cells.  Manuscript  prepared 
for  submission  to  Cancer  Res.  Figure  5,  showing  that  two  shRNA  constructs  decrease  the  PKG- 
Ia  mRNA  levels  by  64%  and  68%,  thus  showing  successful  gene  knockdown.  This  knockdown 
was  then  used  to  show  the  essential  role  of  PKG-Ia  in  promoting  cell  proliferation  in  prostate 
cancer  cells. 


c.  Apoptotic  mechanisms  of  RT  and  DNMTIs  will  be  detennined  using  CE-LIF, 
micro-CE,  caspase  activity  assays  and  PARP  cleavage  as  well  as  analysis  of  pathways  involving 
BCL-2,  BAX,  BID,  IAP  proteins  and  death  receptors  (DR4  and  DR5). 


As  discussed  under  point  a.,  we  have  demonstrated  during  the  course  of  the  here 
described  project  that  the  DNMT  inhibitor  5-azacytidine  and  its  deoxy-derivative,  decitabine, 
sensitize  prostate  cancer  cells  to  ionizing  radiation  by  inhibiting  DSB  break  repair  through  the 
NHEJ  mechanism.  Because  impairment  of  DNA  damage  repair  is  usually  associated  with  delay 
or  halting  of  the  cell  cycle  and  with  the  induction  of  apoptosis,  we  studied  the  effects  of  5- 
azacytidine  on  expression  of  several  apoptotic  and  cell  cycle  regulating  factors. 

First,  we  studied  the  induction  of  apoptosis  in  prostate  cancer  cells  by  examining 
expression  of  the  apoptotic  marker  cleaved  PARP  (Figure  6).  Treatment  of  androgen-dependent 
LNCaP  or  androgen-independent  DU- 145  and  PC-3  prostate  cancer  cells  with  5-Azacytidine 
resulted  in  clear  and  marked  elevation  of  PARP  cleavage,  even  in  the  absence  of  radiation 
(Figure  6).  These  results  demonstrate  the  ability  of  5-azacytidine  to  initiate  apoptosis,  and  at 
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least  in  parts  explains  this  drug’s  cytotoxic  properties.  The  observed  increase  of  apoptosis  by  5- 
azacytidine  can  be  either  dependent  or  independent  of  the  previously  discussed  impairment  of 
DSB  repair,  but  in  any  case  this  effect  will  strongly  enhance  the  effectiveness  of  added  cytotoxic 
stressors  like  ionizing  radiation. 


DU-145 

LnCaP 

PC-3 

Control 

5-Aza 

Control 

5-Aza 

Control 

5-AZa 

Cleaved  PatR 

- - 

- 

«■» 

GAPDH 

Figure  6.  Induction  of  apoptotic  PARP  cleavage  in  prostate  cancer  cells  by  5-azacytidine 

Next,  we  studied  in  more  detail  the  response  of  a  panel  of  both  apoptotic  and  cell  cycle 
regulating  factors  to  5-azacytidine  treatment  in  PC-3  prostate  cancer  cells  (Figure  7).  We 
observed  that  treatment  with  increasing  doses  of  5-azacytidine  resulted  in  the  down  regulation  of 
the  X-linked  inhibitor  of  apoptosis  protein  (XIAP)  within  72  hours  and  an  up  regulation  of  the 
apotosis  regulator  Bcl-2  (Figure  7).  In  addition,  we  observed  an  increase  in  the  expression  levels 
of  the  cell  cycle  regulator  and  cellular  senescence  mediator  p21  (Figure  7). 

It  was  somewhat  unexpected  that  we  found  an  up  regulation  of  the  apoptosis  inhibitor 
cIAPl  in  response  to  5-azacytidine  treatment  (Figure  7).  This  particular  observation  does  not 
immediately  fit  the  classical  model  of  apoptotic  activation  and  will  need  further  evaluation 
before  a  fully  comprehensive  assessment  can  be  made  of  the  exact  mechanism  of  5-azacytidine 
induced  apoptosis  onset. 

Finally,  we  investigated  the  influence  of  5-azacytidine  treatment  on  the  functionality  of 
apoptotic  caspases  (Figure  8).  Therefore,  we  measured  the  specific  activities  of  caspases  8,  9, 
and  3/7  in  PC-3  prostate  cancer  cells  after  treatment  with  increasing  doses  of  5-azacytidine.  For 
all  the  caspases  we  evaluated,  a  clear  and  marked  increase  (2-7  times  the  baseline  levels)  in 
activity  was  observed  approximately  48  hours  after  administration  of  5-azacytidine  (Figure  8). 
These  findings  are  highly  consistent  with  our  findings  of  PARP  cleavage  and  up  regulation  of  the 
apoptotic  process  in  the  presence  of  5-azacytidine. 
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Figure  7.  Regulation  of  apoptotic  and  cell  cycle  regulating  factors  in  PC-3  prostate  cancer  cells  in  response  to 
5-azacytidine  treatment 
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The  down  regulation  of  anti-apoptotic  proteins  and  the  up  regulation  of  apoptosis 
regulators  and  cell  cycle  regulators  is  consistent  with  the  onset  of  apoptosis  induced  by  5- 
azacytidine  and  further  solidifies  our  observation  that  5-azacytidine  not  only  impairs  DSB  repair 
but  stimulates  apoptosis  at  the  same  time,  possibly  in  a  concentration-dependent  manner. 
Stimulation  of  apoptosis  during  radiation-induced  cell  cycle  arrest  would  significantly  enhance 
the  cytotoxic  effects  of  radiation  and  we  therefore  conclude  that  the  radiation  sensitizing  effects 
of  5-azacytidine  can  be  attributed  to  the  simultaneous  events  of  repair  inhibition  and  apoptosis 
enhancement. 


Caspase  3/7  (PC-3) 


— ♦ — Control—* — 2.5uM5-Aza  5.0uM  5-Aza  10uM5-Aza 


Caspase  9  (PC-3) 


Control  — ■ —  2.5uM  5-Aza  — * —  5.0uM  5-Aza  IOuM  5-Aza 


Figure  8.  Regulation  of  activity  of  apoptotic  caspases  in  PC-3  prostate  cancer  cells  in  response  to  5- 
azacytidine  treatment 


d.  Using  specific  inhibitors  and  siRNA  gene  knockdown  of  NOSs/PKGs,  the 
involvement  of  the  NO/cGMP/PKG  signaling  pathway  in  regulating  the  susceptibility  of  prostate 

cancer  cells  to  induction  of  apoptosis  in  RT,  DNMTIs  and  HDACIs,  alone  and  in  combination, 

will  be  determined. 


As  shown  above  in  b.,  our  studies  have  resulted  in  the  development  of  a  new 
methodology  using  capillary  electrophoresis  (specifically  the  12-channel  system,  the  12-CE- 
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LED-IF  system)  for  accurately  quantifying  the  levels  of  siRNA-  and  shRNA-induced  gene 
knockdown  of  PKG  isoforms  in  prostate  cancer  cells.  This  was  followed  by  showing  that  gene 
knockdown  of  PKG-Ia  results  in  the  induction  of  apoptosis  (illustrating  the  need  for  continuous 
expression  of  PKG-Ia  for  preventing  spontaneous  apoptosis  in  prostate  cancer  cells)  and  in  the 
inhibition  of  cell  proliferation  (illustrating  the  need  for  PKG-Ia  for  promoting  cell  proliferation) 
in  the  prostate  cancer  cell  lines.  Data  is  presented  in  the  two  manuscripts  listed  above. 

Because  prostate  cancer  cells  did  not  show  regulation  of  Inhibitor  of  Apoptosis  Proteins 
(IAPs)  by  the  NO/cGMP/PKG  signaling  pathway,  as  proposed  to  be  tested  in  Statement  of  Work, 
f.  (described  below),  further  studies  were  conducted  using  types  of  cancer  cells  that  also  show 
chemoresistance  and  radioresistance.  These  further  studies  utilized  lung  cancer  and 
mesothelioma  cell  line.  The  newly-developed  12-CE-LED-IF  methodology  was  used  to 
determine  PKG  knockdown  in  these  other  related  cancer  cells. 

Attached  in  the  Appendix  is  a  manuscripts: 

M.G.  Johlfs  and  R.R.  Fiscus.  RNAi  shows  PKG  type-I  promotes  integrin  pi  expression,  cell 
attachment  and  proliferation  and  prevents  spontaneous  apoptosis  in  pleural  mesothelioma  cells. 
Manuscript  prepared  for  submission  to  Journal  of  Biological  Chemistry. 

Figure  4  of  this  manuscript  and  the  supporting  text  show  in  detail  the  use  of  the  new  12- 
CE-FED-IF  methodology  for  accurately  determining  the  levels  of  gene  knockdown  of  PKG-Ia 
and  PKG-Ip  caused  by  two  shRNA  constructs  transfected  into  two  mesothelioma  cell  lines, 
MSTO-21 1H  cells  and  NCI-H2452  cells.  Both  cell  lines  express  measurable  amount  of  mRNA 
for  both  PKG-I  isoforms.  The  shRNA  conducts  downregulate  the  mRNA  expression  of  both 
PKG-I  isoforms  by  65  -  92%,  showing  successful  gene  knockdown.  This  knockdown  of  PKG-I 
results  in  suppressed  PKG  kinase  activity,  determined  by  measuring  the  phosphorylation  of  the 
target  protein  VASP,  which  occurred  in  both  cell  lines  (see  Figure  5  of  manuscript).  The 
knockdown  of  PKG-I  expression  also  caused  significant  increases  in  apoptosis  and  decreases  in 
cell  proliferation,  showing  the  essential  role  of  PKG-I  expression  in  promoting  cell  proliferation 
and  suppressing  spontaneous  apoptosis,  very  similar  to  the  resulted  we  had  obtained  with  the 
prostate  cancer  cell  lines  (discussed  above).  Interestingly,  cell  attachment  and  colony  formation 
in  both  mesothelioma  cell  lines  were  also  dependent  on  PKG-I  expression,  determined  using  the 
same  shRNA  gene  knockdown  tools  (shown  in  Figure  7  of  the  manuscript).  Pharmacological 
inhibition  of  the  PKG-I  signaling  pathway  also  demonstrates  the  essential  role  of  PKG-I  in 
promoting  cell  survival,  cell  proliferation  and  cell  attachment  in  mesothelioma  cells  (see  Figure  3 
of  manuscript). 

Thus,  mesothelioma  cells,  like  we  have  shown  with  the  three  prostate  cancer  cell  lines 
(PC-3,  DU145  and  FNCaP),  are  dependent  on  the  continued  expression  and  kinase  activity  of 
PKG-I  in  preventing  spontaneous  apoptosis  and  in  promoting  cell  proliferation,  which  may 
contribute,  at  least  in  part,  to  the  chemoresistance  and  radioresistance  of  mesothelioma  cells. 
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Similar  results  were  obtained  in  the  non-small  cell  lung  cancer  cell  line  (NCI-H23), 
shown  in  the  attached  manuscript  (in  Appendix): 

M.G.  Johlfs  and  R.R.  Fiscus,  Direct  serine- 17  phosphorylation  of  Src  by  protein  kinase  G  type-I 
as  a  cellular  mechanism  mediating  anti-apoptotic  and  growth-stimulatory  effects  in  malignant 
mesothelioma  cells  and  non-small  cell  lung  cancer  cells,  Manuscript  prepared  for  submission  to 
Mol.  Cancer. 

This  manuscript  shows  that  not  only  mesothelioma  cells,  but  also  non-small  cell  lung 
cancer  cells  (NCI-H23  cells),  express  both  isoforms  of  PKG-I  and  that  the  PKG-I  expression  is 
essential  for  the  survival  and  proliferation  of  these  cells.  This  study  makes  the  unique 
observation  that  PKG-I  (either  PKG-Ia  or  PKG-I (3)  can  directly  phosphorylate  the  oncogene 
protein  c-Src  (Src),  which  in  turn  causes  activation  of  Src.  Because  of  the  importance  of  the  Src 
signaling  pathway  in  mediating  cell  survival  and  proliferation,  the  data  of  this  manuscript 
suggest  that  a  likely  mechanism  of  PKG-I-induced  promotion  of  cell  survival  and  proliferation 
involves  activation  of  the  Src  signaling  pathway  in  mesothelioma  and  non-small  cell  lung  cancer 
cells.  Our  further  studies  will  detennine  if  this  novel  interaction  between  the  PKG-I  signaling 
pathway  and  the  Src  signaling  pathway  also  occurs  in  prostate  cancer  cells  and  if  it  is  responsible 
to  the  resistance  to  radiation  therapy  and  chemotherapy. 

The  further  studies  to  detennine  the  PKG  and  Src  pathways  in  the  resistance  to  therapy  in 
prostate  cancer  cells  had  depended  for  cooperation  with  the  lab  of  Dr.  Sunil  Sharma,  the  original 
Co-PI  of  this  DOD  Award.  However,  because  of  the  early  departure  of  Dr.  Shanna,  we  were 
unable  to  complete  this  part  of  the  proposed  project.  Nevertheless,  solid  progress  has  been  made 
on  the  novel  role  of  PKG-I  and  its  interaction  with  Src  (i.e.  direct  phosphorylation  and  activation 
of  Src),  which  is  likely  involved  in  the  chemoresistance  and  resistance  to  radiation  therapy  in  the 
cell  lines  being  studying.  As  shown  above,  this  part  of  the  DOD  Award  has  resulting  in  two 
additional  manuscripts,  besides  the  two  manuscripts  dealing  with  prostate  cancer  cell  survival 
and  proliferation,  described  above  in  b. 


e.  Molecular  mechanisms  underlying  the  interactions  between  DNMTIs  and  RT  will  be 
investigated,  including  studies  of  H2AX  phosphorylation,  ATM/ATR  and  Chkl/Ch2  induction. 


Progress  on  this  sub-aim  has  been  discussed  under  Statement  of  Work  a. 

f.  Involvement  of  the  NO/cGMP/PKG  signaling  pathway  in  stimulating  expression  of  the  8  IAPs 
(NAIP,  cIAP-1,  cIAP-2,  XIAP,  Ts-XIAP,  LIVIN  (ML-IAP),  Apollon  and  Survivin)  in  prostate 
cancer  cells  will  be  determined. 
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Our  studied  determined  whether  or  not  the  NO/cGMP/PKG  pathway  was  involved  in 
regulating  gene  expression  of  the  IAPs  in  prostate  cancer  cells.  Unlike  other  cell  types  used  in 
our  previous  studies,  e.g.  neuroblastoma  cells  (as  outlined  in  the  original  grant  proposal),  the 
NO/cGMP/PKG  signaling  pathway  in  the  prostate  cancer  cells  (PC-3,  DU145  and  LNCaP  cells) 
appeared  to  have  no  effect  on  the  expression  of  the  IAPs,  as  detennined  in  experiments  using 
both  pharmacological  inhibitors  and  siRNA/shRNA  gene  knockdown.  Because  of  this  lack  of 
effect  of  PKG  on  the  IAPs  in  prostate  cancer  cells,  we  determined  if  this  was  also  the  case  for 
other  human  cancer  cell  lines.  Thus,  our  further  studies  utilized  a  non-small  cell  lung  cancer  cell 
line,  the  NCI-H460,  which,  like  the  mesothelioma  and  NCI-H23  cells,  have  some  properties  in 
common  with  the  prostate  cancer  cell  lines. 

In  the  NCI-H460  lung  cancer 
cells,  we  found  a  clear  dependency  of 
expression  for  four  of  the  IAPs,  e.g. 
cIAP-1,  LIVIN  cIAP-2,  and  survivin, 
on  the  NO/cGMP/PKG-Ia  signaling 
pathway.  The  dependency  was 
determined  using  both  pharmacological 
inhibitors  (e.g.  ODQ  and  the  highly- 
selective  PKG -I a/p  inhibitor  DT-2) 
and  gene  knockdown  using  siRNA 
constructs  specifically  targeting  PKG- 
Ia.  Genetic  silencing  of  PKG-Ia  also 
resulted  in  a  damatic  decrease  in  the 
serine- 133  phosphorylation  (i.e. 
activation)  of  CREB  (cAMP-response 
element  binding  protein)  and  in  the 
expression  of  two  anti-apoptotic 
proteins  (Bcl-2  and  Mcl-1),  known  to 
be  dependent  on  the  CREB 
phosphorylation  and  activation. 

Figure  9  shows  the  effects  of 
ODQ  on  levels  of  apoptosis  (Panel  A) 
and  cGMP  (Panel  B)  in  the  NCI-H460 
cells.  The  data  show  that  inhibition  of  cGMP  biosynthesis  using  ODQ  causes  significant, 
concentration-dependent  decreases  in  cGMP  levels,  which  correlate  with  induction  of  apoptosis, 
illustrating  the  need  for  continuous  activation  of  the  NO/cGMP/PKG  signaling  pathway  in  NCI- 
11460  cells  for  prevention  of  spontaneous  apoptosis. 
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ODQ  (pM) 


Figure  9.  Inhibition  of  cGMP  biosynthesis  using  ODQ 
induces  apoptosis 
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Figure  10  shows  the  effects  of 
ODQ  on  colony  formation  and 
illustrate  the  need  for 
continuous  activation  of  the 
NO/cGMP/PKG  pathway  for 
the  fonnation  of  NCI-H460 
colonies. 
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Figure  10.  Inhibition  of  cGMP  biosynthesis  inhibition  colony  formation 


Figure  1 1  shows  the  effects  of  ODQ 
on  expression  of  the  IAPs  as  well  as  on 
CREB  phosphorylation  and  expression 
of  the  anti-apoptotic  proteins,  Bcl-2, 
Bcl-XL  and  Mcl-1.  There  appeared  to 
be  inhibition  of  cIAP-1,  LIVIV  and 
survivin  by  the  ODQ  treatment  as  well 
as  suppression  of  CREB 
phosphorylation. 
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Figure  12  shows  the  expression  of 
PKG-Ia  in  NCI-H460  cells  (Panel  A) 
as  well  as  inhibition  of  colony 
formation  (Panels  B  and  C)  and 
induction  of  apoptosis  (Panel  D)  by 
treatment  with  the  highly-selective 
inhibitor,  DT-2. 
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Figure  12.  Direct  inhibition  of  PKG-Ia  using  the  specific 
inhibitor  DT-2  suppresses  colony  formation 
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Figure  13  shows  a  dramatic  inhibition  of 
CREB  phosphorylation  at  serine- 133 
(Panel  A),  a  slight  downregulation  of 
cIAP-1  and  LIVIN  expression  (Panel  B), 
and  increase  in  cleavage  of  caspase-3 
(index  of  apoptosis)  following  the 
inhibition  of  PKG-Ia  kinase  activity  with 
DT-2  in  the  NCI-H460  cells. 
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Figure  13.  Inhibition  of  PKG-Ia  kinase  activity  using 
DT-2  suppresses  CREB  phosphorylation  at  serine-133 
and  expression  of  cIAP-1  and  LIVIN 


22 


A 


B 


Negative  PKG-la 
control  siRNA 


PKG-la 

P-actin 


Negative  PKG-la 
control  siRNA 


Figure  14.  Gene  knockdown  of  PKG-la  using  siRNA 
suppresses  colony  formation 


Figure  14  shows  the  gene  knockdown  of  PKG- 
la  expression  with  the  siRNA  contruct  and  the 
resulting  inhibition  of  colony  formation. 
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Figure  15  shows  the  induction  of  apoptosis  caused 
by  knocking  down  the  expression  of  PKG-la. 


Figure  15.  Knockdown  of  PKG-la  expression  causes 
induction  of  apoptosis 
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Figure  16  shows  the  effects  of  knocking  down  the 
expression  of  PKG-Ia  on  the  expression  of  the  IAPs, 
Bcl-2,  Bcl-XL  and  Mcl-1  as  well  as  the 
phosphorylation  of  CREB.  The  expression  of  cIAP-1, 
LIVIN,  cIAP-2  and  survivin  as  well  as  Mcl-1  and  Bcl- 
2  and  the  phosphorylation  of  CREB  were  all 
decreased  by  PKG-Ia  knockdown. 
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Figure  16.  Knockdown 

of  PKG-Ia  suppresses 

expression  of  cIAP-1,  LIVIN,  cIAP-2,  survivin,  Mcl-1, 
Bcl-2  and  phosphorylation  of  CREB 

The  data  suggest  that  the  NO/cGMP/PKG  signaling  pathway  plays  a  important  role  in  promoting 
the  expression  of  several  anti-apoptotic  proteins,  including  cIAP-1,  LIVIN,  cIAP-2,  survivin, 
Bcl-2  and  Mcl-1,  in  the  NCI-H460  lung  cancer  cell  line.  Because  of  the  lack  of  effect  in  the 
prostate  cancer  cell  lines,  there  appears  to  be  a  different  role  of  the  NO  in  these  two  types  of 
cancer  cells.  The  future  studies  will  utilize  the  lung  cancer  cells  to  determine  if  inhibiting  the 
NO/cGMP/PKG  pathway  can  sensitize  these  cells  to  radiation  therapy  and  chemotherapy.  The 
data  presented  above  are  currently  being  prepared  as  a  manuscript. 


g.  Prostate  cancer  xenografts  in  athymic  mice  . 


In  order  to  verify  whether  the  in  vitro  radiation-sensitizing  potential  of  5-azacytidine  as 
described  under  Statement  of  Work  a.  is  reproducible  under  in  vivo  conditions,  we  designed  and 
executed  a  set  of  preclinical  experiments  utilizing  PC-3  based  xenografts  in  mice.  The  research 
methodology  of  this  approach  is  described  in  detail  in  the  attached  manuscript  of  Weterings  et  al. 
(Attachment  I;  ‘Low  dose  5-azacytidine  radio-sensitizes  prostate  cancer  cells  by  impairing  DNA 
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double-strand  break  repair.’  by  Eric  Weterings,  Pamela  M.  Dino,  Yi  Feng,  Eugene  F.  Hayes, 
James  Symanowski,  Sunil  Sharma,  and  Giuseppe  Pizzorno.). 

Xenografts  were  created  by  implanting  a  suspension  of  PC-3  prostate  cancer  cells 
subcutaneously  on  the  flanks  of  athymic  nude  mice,  followed  by  a  sufficient  period  of  time  to 
allow  for  the  fonnation  of  an  approximately  100  mm  starting  tumor  mass.  5-azacytidine  was 
then  administered  at  a  2.5  mg/kg/day  dose  and  localized  X-ray  irradiation  of  the  tumor  was 
performed  at  different  doses,  as  described  in  Attachment  I.  Tumor  volumes  were  measured  over 
time. 


As  expected,  treatment  of  xenograft  tumors  with  an  initial  and  not  sustained  radiation 
dose  resulted  in  retardation  of  tumor  growth  for  a  limited  period  of  time,  not  exceeding  40  days 
in  our  study  (Figure  9).  However,  inclusion  of  5-azacytidine  administration  concurrent  with  the 
initial  radiation  treatment  resulted  in  further  delay  of  tumor  progression  for  another 
approximately  20  days  (Figure  17).  This  delay  in  tumor  progression  as  introduced  by  5- 
azacytidine  treatment  was  highly  significant  and  reproducible  (Figure  17). 


■  untreated 

*  5-azacytidine  2.5  mg/kg 
— • —  radiation  2.5  Gy 
— • —  radiation  +  5-azacytidine 


Figure  17.  5-Azacytidine  impairs  DNA  repair  in  prostate  cancer  cells 


We  conclude  from  these  results  that  5-azacytidine  is  capable  of  markedly  potentiating  the 
effects  of  radiation  therapy  in  prostate  cancer  xenografts.  With  this  line  of  experimentation,  we 
have  demonstrated  that  5-azacytidine  does  not  only  increase  radiation  sensitivity  in  cell  cultures 
as  described  under  point  a.,  but  is  capable  of  displaying  the  same  effect  in  a  three-dimensional 
tumor  generated  in  a  living  animal  model.  The  success  of  this  preclinical  evaluation  greatly 
increases  the  likelihood  that  5-azacytidine  will  display  a  similar  radiation-sensitization  activity 
during  future  human  clinical  trial  studies. 

In  addition  to  quantifying  mere  tumor  progression  in  our  xenograft  animal  models  by 
measurement  of  tumor  dimensions  and  mass,  we  have  started  initial  evaluation  of  the  possibility 
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of  measuring  changes  in  tissue  spin  relaxation  (T2)  as  a  means  of  following  tumor  responses  to 
treatment.  As  shown  in  Figure  18,  T2  values  as  obtained  by  the  utilization  of  T2-weighted  MRI 
imaging,  are  not  tumor  size  dependent  (Figure  18).  Therefore  the  change  in  T2  might  correlate  to 
changes  in  tumor  composition  (vasculature  and  water  contents)  rather  than  size  after  treatment. 

By  normalizing  the  T2  values  of  tumors  to  muscle  and  then  again  to  the  T2  SI  before 
treatment,  we  were  able  to  demonstrate  that  T2  values  are  lower  for  tumors  that  received  the 
highest  radiation  dose  (Figure  19).  Therefore,  we  conclude  that  changes  in  the  T2  value  may 
reflect  changes  in  tumor  composition  and  progression. 

In  order  to  further  investigate  this,  we  simultaneously  followed  the  progression  of  tumor 
volumes  and  T2  values  over  a  24  day  period  (Figure  20).  We  observed  a  correlation  between 
decreases  in  T2  values  and  decreases  in  actual  tumor  volume,  as  well  as  alterations  in  vasculature 
and  water  contents.  We  therefore  conclude  that  T2  values  do  reflect  changes  in  radiation-induced 
changes  in  the  xenograft  tumor  mass.  However,  further  experimentation  in  which  tumor 
responses  will  be  followed  for  a  longer  period  and  for  more  than  one  cycle  of  radiation  treatment 
will  be  necessary  to  assess  the  practicality  of  this  potentially  interesting  novel  tumor  monitoring 
technique. 
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Figure  18.  Tumor  T2  values  are  not  tumor  size  dependent 
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Figure  19.  Tumor  T2  values  (first  normalized  to  muscle,  then  normalized  to  T2  values  before  treatment) 
decrease  as  tumors  respond  to  treatment  (Rad  2.5  Gy  group) 
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Figure  20.  Tumor  volume  and  MRI  T2  values  for  a  representative  tumor  treated  by  2.5  Gy/day  x  5  days 
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Key  Research  Accomplishments. 


1 .  In  vivo  and  in  vitro  data  indicate  a  significant  additive  and  in  the  case  of  the  PC-3 
prostate  cancer  cells  a  synergistic  effect  on  the  reduction  of  prostate  tumor  growth  when 
combining  radiation  treatment  with  administration  of  the  DNMT  inhibitor  5-azacytidine. 
Furthermore  the  deoxy  derivative  of  5-azacytidine,  decitabine,  when  combined  with  low  dose 
radiation  resulted  in  a  significant  synergistic  activity  against  the  three  prostate  cancer  cell 
lines  we  have  utilized. 


2.  Combination  of  these  therapies  introduces  a  positive  selection  pressure  for 
radiation  resistant  cells  which  eventually  may  counteract  the  additive  effect.  We  are  currently 
examining  the  underlying  causes  for  selection  of  IR  resistant  cells  and  we  hypothesize  that 
resistant  cells  represent  a  growing  subpopulation  of  stem  cells. 


3.  5-azacytidine  treatment  delays  or  impairs  DNA  double  strand  break  repair, 
explaining  the  potential  of  this  drug  to  radio-sensitize  prostate  cancer  cells.  In  addition,  5- 
azacytidine  treatment  induces  apoptosis,  possibly  due  to  its  ability  to  hinder  DNA  damage 
repair  and  associated  cell  cycle  progression. 


4.  Gene  knockdown  of  PKG-Ia  results  in  higher  rates  of  spontaneous  apoptosis  and 
slower  rates  of  cell  proliferation  in  prostate  cancer  cells,  indicating  an  essential  role  of  this 
novel  protein  kinase  in  regulating  prostate  cancer  apoptosis  and  proliferation. 


5.  Inhibition  of  endogenous  NO-induced  activation  of  the  heme-soluable  guanylyl 
cyclase  causes  dramatic  sensitization  of  prostate  cancer  and  mesothelioma  cells  to  the 
toxic/pro-apoptotic  effects  of  cisplatin.  Similar  sensitizing  effects  were  observed  with  one  of 
the  five  lung  cancer  cell  lines,  the  one  that  was  relatively  insensitive  to  cisplatin  alone. 


6.  The  IAPs  LIVIN  and  Survivin  was  not  regulated  by  the  NO/cGMP/PKG-Ia 
pathway  in  prostate  cancer  cells,  but  was  regulated  by  this  pathway  in  lung  cancer  cells. 
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Thus,  there  appears  to  be  a  cell-specific  function  of  the  NO/cGMP/PKG-Ia  pathway  in 
regulating  LIVIN  and  Survivin  expression  levels  in  cancer  cells. 


7.  Evidence  is  provided  showing  involvement  of  HSP90  in  the  anti-apoptotic  effects 
of  the  NO/cGMP/PKG-Ia  pathway.  HSP90  is  necessary  for  Akt-catalyzed  phosphorylation 
(and  activation)  of  eNOS,  which  drives  the  NO  signaling  in  cancer  cells  of  epithelial  origin 
(lung  and  prostate  cancer  as  well  as  mesothelioma). 


8.  PKG-Ia  kinase  activity  in  lung  cancer  cells  is  necessary  for  full  expression  of  the 
two  anti-apoptotic  proteins,  Bcl-2  and  Mcl-1.  The  present  data  show  that  inhibition  of 
endogenous  PKG-Ia  activity  in  lung  cancer  cells  resulted  in  downregulation  of  Bcl-2  and 
Mcl-1  expression. 


9.  The  overall  data  suggest  that  the  NO/cGMP/PKG-Ia  signaling  pathway,  because 
its  essential  role  in  promoting  cell  survival  and  proliferation  in  lung  cancer,  prostate  cancer 
and  mesothelioma,  may  provide  a  novel  target  for  therapeutic  intervention.  Agents  that 
inhibit  this  signaling  pathway  could  be  very  useful  in  sensitizing  cancer  cells  to  the  cancer¬ 
killing  effects  of  traditional  therapeutic  agents. 


Reportable  Outcomes: 


Abstracts: 


Eric  Weterings,  Pamela  M.  Dino,  Yi  Feng,  Sunil  Sharma,  Giuseppe  Pizzorno.  5- 
azacytidine  radio-sensitizes  androgen-independent  prostate  cancer  cells  by  impairing  DNA 
double-strand  break  repair.  Abstract  #189  Proceedings  of  the  101st  Annual  AACR  Meeting 
2010 


Manuscripts/Publications : 
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Currently,  there  are  9  manuscripts,  generated  by  this  project,  that  have  been  published, 
submitted  for  review  or  in  their  final  stage  of  preparation  for  submission  for  publication.  Upon 
acceptance  for  publication,  a  copy  of  each  manuscript  will  be  sent  to  the  DOD. 


1)  Low  dose  5-azacytidine  radio-sensitizes  prostate  cancer  cells  by  impairing  DNA 
double-strand  break  repair.  Eric  Weterings,  Pamela  M.  Dino,  Yi  Feng,  Eugene  F.  Hayes,  James 
Symanowski,  Sunil  Shanna,  and  Giuseppe  Pizzomo.  Submitted  to  Radiation  Research  May 
2010. 


2)  Protein  kinase  G  type-la  phosphorylates  the  apoptosis-regulating  protein  Bad  at  serine 
155  and  protects  against  apoptosis  in  N1E-115  cells.  Johlfs,  M.G.  and  R.R.  Fiscus. 
Neurochemistry  International  56:  546-553,  2010. 


3)  Protein  kinase  G  type  la  activity  in  human  ovarian  cancer  cells  significantly 
contributes  to  enhanced  Src  activation  and  DNA  synthesis/cell  proliferation.  Leung,  E.L.,  Wong, 
J.C.,  Johlfs,  M.G.,  Tsang,  B.K.,  and  R.  R.  Fiscus.  Molecular  Cancer  Research  8(4):  578-591, 
2010. 


4)  Protein  kinase  G  activity  prevents  pathological-level  nitric  oxide-induced  apoptosis 
and  promotes  DNA  synthesis/cell  proliferation  in  vascular  smooth  muscle  cells.  Wong,  J.C.  and 
R.R.  Fiscus.  Cardiovascular  Pathology,  In  Press. 


5)  Nitric  oxide  (NO)/cGMP/protein  kinase  G  type- la  (PKG-Ia)  signaling  pathway  and 
the  atrial  natriuretic  peptide  (ANP)/cGMP/PKG-Ia  autocrine  loop  play  essential  role  in 
promoting  proliferation  and  cell  survival  of  OP9  bone  marrow  stromal  cells,  commonly  used  as  a 
feeder  layer  to  facilitate  hematopoietic  stem  cell  differentiation.  Wong,  J.C.  and  R.R.  Fiscus. 
Submitted  to  Journal  of  Biological  Chemistry,  June  2010. 


6)  RNAi  shows  that  PKG  type-I  promotes  integrin  pi  expression,  cell  attachment  and 
proliferation  and  prevents  spontaneous  apoptosis  in  pleural  mesothelioma  cells.  Johlfs,  M.G.  and 
R.R.  Fiscus.  Submitted  to  Oncogene,  July  2010. 
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7)  Involvement  of  the  protein  kinase  G  type-la  signaling  pathway  in  suppressing 
apoptotic  cell  death  in  prostate  cancer  cells.  Fiscus,  R.R.,  Bathina,  M.,  Johlfs,  M.G.,  Wong,  J.C., 
Goodman,  O.B.,  Jr.,  Shanna,  S.,  Pizzomo,  G.  and  N.J.  Vogelzang.  In  preparation  for  submission 
to  Oncogene. 


8)  Basal  cyclic  GMP  levels  and  protein  kinase  G  type-la  activity  play  an  essential  role  in 
promoting  cell  proliferation  in  prostate  cancer  cells.  Fiscus,  R.R.,  Bathina,  M.,  Johlfs,  M.G., 
Wong,  J.C.,  Goodman,  O.B.,  Jr.,  Sharma,  S.,  Pizzorno,  G.  and  N.J.  Vogelzang.  In  preparation  for 
submission  to  Cancer  Research. 


9)  Direct  serine- 17  phosphorylation  of  Src  by  protein  kinase  G  type-I  as  a  cellular 
mechanism  mediating  anti-apoptotic  and  growth-stimulatory  effects  in  malignant  mesothelioma 
cells.  Johlfs,  M.G.  and  R.R.  Fiscus.  In  preparation. 


Conclusions: 


Purpose:  A  significant  portion  of  prostate  cancer  patients  continue  to  develop  locally 
advanced  or  metastatic  disease.  Neither  surgery  nor  radiation  therapy  (RT)  achieves  long-term 
remission  for  many  patients.  New  therapeutic  approaches,  in  combination  with  RT,  are  needed. 


Scope:  The  hypothesis  to  be  tested  is  that  growth  inhibition  and  apoptosis  induction  by 
RT  in  prostate  cancer  cells  may  be  synergistically  enhanced  by  DNA-methylation  inhibitors 
(DNMTIs),  histone-deacetylase  inhibitors  (HDACIs)  and  anti-angiogenesis  agents.  Furthermore, 
prostate  cancer  cells  may  possess  a  novel  signaling  pathway  involving  nitric  oxide  (NO),  cGMP 
and  protein  kinase  G  (PKG),  which  stimulates  expression  of  Inhibitor  of  Apoptosis  Proteins 
(IAPs),  thereby  altering  susceptibility  of  these  cells  to  RT-,  DNMTI-  and  HDACI-induced 
apoptosis. 


1.  I/;  vivo  and  in  vitro  data  indicate  a  significant  additive  effect  and  in  some  cases  a 
synergistic  effect  on  the  inhibition  of  tumor  growth  in  prostate  cancer  cells  when 
combining  radiation  treatment  with  administration  of  the  DNMT  inhibitor  5-azacytidine. 
We  are  also  currently  testing  the  effect  of  adding  anti-androgen  agents  to  our  dual 
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treatment  to  study  the  effect  of  epigenetic  modulators  in  tumors  refractory  to  hormonal 
therapy. 

2.  Combination  of  these  therapies  introduces  a  positive  selection  pressure  for  radiation 
resistant  cells  which  eventually  may  counteract  the  additive  effect.  We  are  currently 
examining  the  underlying  causes  for  selection  of  IR  resistant  cells  and  we  hypothesize 
that  resistant  cells  represent  a  growing  subpopulation  of  stem  cells. 

3.  5-azacytidine  treatment  delays  or  impairs  DNA  double  strand  break  repair,  explaining  the 
potential  of  this  drug  to  radio-sensitize  prostate  cancer  cells.  In  addition,  5-azacytidine 
treatment  induces  apoptosis,  possibly  due  to  its  ability  to  hinder  DNA  damage  repair  and 
associated  cell  cycle  progression. 

4.  PKG-Ia  directly  phosphorylates  the  apoptosis-regulating  protein  BAD  at  the  serine- 155 
site,  which  can  protect  mammalian  cells  against  the  pro-apoptotic  effects  of  BAD, 
explaining,  in  part,  the  anti-apoptotic  mechanism  of  low-level  nitric  oxide  (NO). 

5.  PKG-Ia  interacts  with  Src  in  ovarian  cancer  cells  in  a  way  that  leads  to  both  enhanced 
Src  tyrosine  kinase  activity  and  enhanced  PKG-Ia  serine/threonine  kinase  activity,  which 
leads  to  enhanced  DNA  synthesis  and  cell  proliferation  in  ovarian  cancer  cells. 

6.  PKG,  likely  the  PKG-Ia  isoform,  plays  an  essential  role  in  promoting  DNA  synthesis/cell 
proliferation  in  primary  cultures  of  vascular  smooth  muscle  cells  (VSMCs),  further 
establishing  that  PKG-Ia  is  important  for  promoting  cell  proliferation  in  many  types  of 
mammalian  cells,  both  normal  and  transformed  cells. 

7.  PKG-Ia  is  expressed  in  OP9  cells,  a  bone  marrow  stromal  cell  line  commonly  used  as  a 
feeder  layer  to  facilitate  hematopoietic  stem  cell  differentiation,  and,  like  in  VSMCs  and 
ovarian  cancer  cells;  PKG-Ia  plays  an  essential  role  in  promoting  cell  survival  and 
proliferation. 

8.  Using  RNAi  (shRNA  gene  knockdown)  technique,  PKG-I  was  identified  as  essential  for 
promoting  integrin  pi  expression,  cell  attachment  and  cell  proliferation  in  malignant 
mesothelioma  cells. 

9.  PKG-Ia  is  also  involved  in  suppressing  apoptotic  cell  death  in  prostate  cancer  cells, 
contributing  to  the  chemoresistance  in  these  cells. 

10.  PKG-Ia  in  prostate  cancer  cells  also  plays  an  essential  role  in  promoting  DNA  synthesis 
and  cell  proliferation. 

1 1 .  Src,  an  oncogenic  tyrosine  kinase  often  overexpressed  or  hyperactivated  in  many  types  of 
cancer  cells  is  directly  phosphorylated  by  PKG-I  at  the  serine- 17  site  of  Src,  resulting  in 
enhanced  autophosphorylation  (i.e.  phosphorylation  at  tyrosine-  419)  and  Src  activation 
in  malignant  mesothelioma  cells  and  non-small  cell  lung  cancer  cells. 

The  overall  conclusion  is  that  PKG-I,  specifically  the  PKG-Ia  splice  variant,  plays  an 
essential  role  in  promoting  cell  proliferation  and  protecting  against  onset  of  apoptosis  in  various 
types  of  cancer  cells,  including  lung  cancer,  ovarian  cancer  and  prostate  cancer  cells  as  well  as 
mesothelioma  cells,  and  normal  cells,  including  VSMCs  and  OP9  bone  marrow  stromal  cells. 
This  represents  a  novel,  previously  unrecognized  function  for  PKG-Ia  in  these  cells.  Part  of  the 
original  hypothesis  of  this  project  had  proposed  that  PKG  may  prevent  apoptosis  by  promoting 
the  induction  of  cIAP-2,  one  of  the  8  known  Inhibitor  of  Apoptosis  Proteins  (IAPs),  based  on  our 
earlier  studies  with  neuroblastoma  cells.  However,  the  studies  of  the  current  project  showed  that 
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cIAP-2  was  not  regulated  by  the  PKG  signaling  pathway  in  lung  and  prostate  cancer  cells. 
Rather,  the  present  study  discovered  that  a  novel  mechanism  involving  Src  interaction  with  PKG 
was  involved  as  a  major  mechanism  of  the  PKG-mediated  stimulation  of  cell  proliferation  and 
prevention  of  apoptosis.  Overall,  the  data  show  that  the  PKG/Src  interaction  is  likely  to  play  a 
major  role  in  stimulating  cancer  cells  proliferation  and  causing  these  cancer  cells  to  be  resistant 
to  the  pro-apoptotic  effects  of  chemotherapy  and  radiation  therapy.  This  valuable  new 
information  will  allow  us  to  develop  new  therapeutic  agents  that  can  specifically  target  the  novel 
PKG/Src  interaction,  which  should  effectively  counteract  the  chemoresistance  and  resistance  to 
radiation  therapy  commonly  observed  in  lung,  ovarian  and  prostate  cancer  and  mesothelioma. 


List  of  Personnel  that  Received  Salary 
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Significance: 


The  data  acquired  during  the  project  period  will  provide  valuable  new  information  on 
combining  radiation  therapy  and  DNMTIs  and  the  effect  of  this  combination  on  the  DNA  repair 
mechanism(s)  that  could  be  exploited  not  only  for  the  treatment  of  prostate  cancer  but  also  in  the 
therapeutic  approach  of  other  cancer  know  to  be  susceptible  to  the  cell  inhibitory  effects  of 
radiation.  We  have  also  elucidated  the  novel  role  of  the  NO/cGMP/PKG  signaling  pathway  in 
regulating  apoptotic  susceptibility  in  prostate  cancer  cells  and  other  types  of  cancer  cells  of 
epithelial  origin,  including  lung  cancer  and  mesothelioma  cells.  This  new  information  will  be 
used  to  develop  new  agents  inhibiting  the  NO/cGMP/PKG  signaling  pathway  and  overall 
generating  better  therapeutic  approaches  for  the  treatment  of  epithelial  cancers. 


34 


Weterings 

1 

Low  dose  5-azacytidine  radio-sensitizes  prostate  cancer  cells  by 
impairing  DNA  double-strand  break  repair. 

Eric  Weterings  PhD1,  Pamela  M.  Dino  MSc1,  Yi  Feng  PhD1,  Eugene  F.  Flayes 
MSc1,  James  Symanowski  PhD2,  Sunil  Sharma  MD3,  and  Giuseppe  Pizzorno 
PhD1* 

Nevada  Cancer  Institute,  Department  of  Drug  Development,  One  Breakthrough  Way,  Las  Vegas, 
Nevada,  NV  89135. 

2Nevada  Cancer  Institute,  Department  of  Biostatistics,  One  Breakthrough  Way,  Las  Vegas, 
Nevada,  NV  89135. 

3University  of  Utah,  Huntsman  Cancer  Institute,  Center  for  Investigational  Therapeutics,  2000 
Circle  of  Hope,  Salt  Lake  City,  Utah,  UT  84112. 

*Corresponding  author,  phone  702-822-5433,  fax  702-944-2369,  email  qpizzorno@nvcancer.org 

Running  title 

5-azacytidine  impairs  DNA  repair  in  prostate  cancer  cells 


1 


Weterings 

2 

Abstract 

Weterings,  E.  et  al.  Low  dose  5-azacytidine  radio-sensitizes  prostate  cancer  cells  by  impairing 
DNA  double-strand  break  repair.  Radiat.  Res. 

5-azacytidine  is  a  cytidine  analogue  with  cytotoxic  and  cytostatic  activity,  currently  utilized  for  the 
treatment  of  myelodysplastic  syndromes.  The  cytostatic  activities  of  low-dose  5-azacytidine  are 
attributed  to  its  incorporation  into  the  DNA  and  RNA  of  mammalian  cells,  which  influences 
epigenetic  regulation  and  protein  expression.  We  here  report  that  5-azacytidine  radio-sensitizes 
PC-3  and  DU-145  prostate  cancer  cells,  synergistically  enhancing  the  overall  efficiency  of 
radiation  treatment.  Regrowth  of  PC-3  based  xenograft  tumors  in  mice  was  found  to  be  markedly 
delayed  after  a  combination  treatment  with  5-azacytidine  and  radiation.  Furthermore,  we  found 
that  exposure  of  PC-3  and  DU-145  cells  to  5-azacytidine  impairs  or  delays  the  repair  of  radiation 
induced  DNA  double-strand  breaks  through  the  non-homologous  end-joining  pathway.  This 
observation  explains  the  radio-sensitizing  potential  of  5-azacytidine  and  constitutes  the  first 
conclusive  evidence  for  a  DNA  repair  defect  introduced  by  this  compound.  We  argue  that  5- 
azacytidine  could  improve  existing  radiation  protocols  and  that  the  combination  of  5-azacytidine, 
androgen  ablation  therapy,  and  radiation  may  hold  a  marked  therapeutic  potential.  Furthermore, 
our  findings  form  a  basis  for  future  studies  regarding  the  epigenetic,  transcriptional,  or 
translational  regulation  of  DNA  double  strand  break  repair. 
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Introduction 

5-azacytidine  is  a  cytidine-based  antimetabolite,  currently  marketed  under  the  trade  name  Vidaza 
for  the  treatment  of  myelodysplastic  syndromes  (MDS).  Mammalian  metabolism  of  5-azacytidine 
includes  direct  incorporation  into  RNA  during  transcription,  as  well  as  conversion  to  its  deoxy 
derivative  (decitabine)  and  subsequent  incorporation  into  the  genome  during  replication  (1).  The 
cytostatic  activity  of  5-azacytidine  is  often  attributed  to  its  ability  to  halt  progression  of  DNA 
methyltransferases  (DNMTs)  along  the  DNA  strand,  thereby  inducing  genomic  hypomethylation 
(2,  3)  and  possibly  reversal  of  epigenetic  silencing  of  tumor  suppressor  genes.  (4-6).  However,  it 
must  be  noted  that  other  activities  of  5-azacytidine  may  play  an  equally  or  even  more  important 
role  during  induction  of  cytostasis. 

Although  these  activities  have  been  studied  to  a  lesser  extent,  it  has  been  suggested  that 
incorporation  of  the  5-aza  analogue  into  DNA  can  result  in  cell  cycle  delay,  whereas  incorporation 
into  RNA  has  the  potential  to  alter  protein  synthesis  or  gene  expression  regulation  through 
miRNA  ( 1 ).  This  latter  pathway  of  5-azacytidine  metabolism,  although  recognized  in  the  past,  is 
only  discussed  to  a  limited  extent  in  the  literature.  Nevertheless,  incorporation  of  5-azacytidine 
into  RNA  predominates  DNA  incorporation  by  as  much  as  an  order  of  magnitude  and  it  is 
therefore  likely  that  the  cytotoxic  properties  of  5-azacytidine  are  at  least  in  part  attributable  to 
RNA  effects  (7,  8). 

Although  5-azacytidine  was  originally  developed  for  the  treatment  of  solid  malignancies 
and  leukemias,  its  severe  hematopoietic  toxicity  at  the  utilized  high  doses  limited  its  clinical  use 
(9,  10).  Therefore,  research  attention  has  shifted  towards  the  utilization  of  5-azacytidine  at  lower 
dosage  in  conjunction  with  other  forms  of  antineoplastic  therapy  (11,  12).  Such  combination 
therapies  aim  to  sensitize  the  tumor  to  the  antineoplastic  agent  without  introduction  of  the  toxic 
effects  of  5-azacytidine.  Generally,  these  combination  therapies  are  considered  candidates  for 
the  treatment  of  high  grade,  chemo  refractory  cancers  like  estrogen  receptor  negative  breast 
cancer  (13,  14). 
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In  the  past  two  years  it  has  become  increasingly  clear  that  5-azacytidine  displays  an 
interesting  potential  to  restore  the  androgen  sensitivity  of  advanced  prostate  cancers  (15-17).  In 
addition,  recent  evidence  suggests  that  prolonged  androgen  suppression  may  slow  progression 
of  the  disease  when  combined  with  radiation  treatment  (18,  19).  We  here  add  a  new  dimension  to 
these  activities  of  5-azacytidine  by  showing  that  this  compound  has  the  potential  to  increase  the 
efficiency  of  radiation  therapy  in  vitro,  as  well  as  in  vivo.  In  this  paper,  we  present  evidence  that 
treatments  with  radiation  and  either  5-azacytidine  or  its  2’-deoxy  derivative  (decitabine)  are 
synergistic  in  several  prostate  cancer  cell  cultures  and  in  a  xenograft  murine  model.  We  argue 
that  these  findings  open  new  therapeutic  perspectives. 

By  using  a  substrate  that  mimics  a  radiation  induced,  non-complementary  DNA  double 
strand  break  (DSB),  we  were  able  to  demonstrate  that  5-azacytidine,  but  not  decitabine,  causes  a 
delay  in  the  repair  of  DSBs  through  the  non-homologous  end-joining  (NHEJ)  pathway  (20). 
Importantly,  this  is  the  first  time  to  our  knowledge  that  a  nucleotide  analogue  has  been 
conclusively  shown  to  induce  a  specific  defect  in  DNA  repair.  The  fact  that  5-azacytidine  induces 
impairment  of  NHEJ  whereas  its  2’-deoxy  counterpart  does  not,  leads  us  to  infer  that  these 
compounds  have  a  different  mechanism  of  activity  and  that  5-azacytidine  exerts  its  influence  on 
DSB  repair  at  least  partially  through  its  incorporation  into  the  RNA. 
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Materials  and  Methods 

Reagents 

5-Azacytidine  (>99%  purity)  was  purchased  from  Sigma-Aldrich  (St.  Louis,  MO,  USA).  Decitabine 
(>98%  purity)  was  purchased  from  ChemSyn  Laboratories  (Harrisonville,  MT,  USA). 

Cell  culture 

Prostate  cancer  cell  lines  (21-23)  were  purchased  through  American  Type  Culture  Collection 
(ATCC).  DU-145  (HTB-81),  LNCaP  (CRL-1740),  PC-3  (CRL-1435)  were  maintained  with  Eagle’s 
Minimum  Essential  Medium,  RPMI-1640,  and  F-12K  Medium,  respectively.  For  full  growth 
medium,  the  appropriate  media  was  supplemented  with  10%  fetal  bovine  serum  (PAA)  and  1% 
penicillin  streptomycin  solution  (Cellgro,  Manassas,  VA,  USA).  Cells  were  subcultured  according 
to  ATCC’s  recommendations  in  a  37°C,  5%  C02  humidified  incubator  and  experiments  were 
conducted  at  passages  2  through  1 0  at  a  confluence  of  approximately  20%  prior  to  treatment. 

X-ray  treatment 

Radiation  therapy  was  conducted  using  an  X-Rad  320  system  (Precision  X-ray  Inc.,  North 
Branford,  CT,  USA).  The  dose  rate  was  lOOcGy/min  at  50cm  FSD,  320kV  and  12.5mA  using  a 
0.8mm  Tin  +  0.25mm  Copper  +  1 .5mm  Aluminum  (HVL  ==  3.7mm  Cu)  filter. 

Cell  survival  assay 

Cells  were  plated  onto  a  60  mm  tissue  culture  dishes  and  allowed  to  attach  overnight  in  a  37°C, 
5%  C02,  humidified  incubator.  Cells  were  treated  daily  with  decitabine  or  5-azacytidine  at  the 
indicated  dose  for  48  hrs.  The  medium  was  changed  on  a  daily  basis.  On  the  third  day,  the  cells 
were  exposed  to  single  dose  X-ray  treatment  with  concurrent  5-azacytidine  or  decitabine 
administration.  Irradiated  cells  were  allowed  to  recuperate  for  6  hrs  in  growth  medium,  followed 
by  trypsin  treatment  and  cell  counting.  Subsequently,  cells  were  plated  in  60  mm  dishes  at  a 
density  of  10,000,  1,000,  and  100  cells  per  plate  and  grown  for  7-12  days  until  formation  of 
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colonies  became  evident  (>50  cells/colony).  Cells  were  stained  with  a  0.1%  crystal  violet,  10% 
formaldehyde  solution  in  PBS  for  30  minutes,  and  washed  with  water  until  background  staining 
was  removed.  Colonies  containing  more  than  50  cells  were  counted  and  the  survival  percentage 
was  determined  by  normalizing  to  the  amount  of  colonies  that  formed  in  a  mock-treated  culture. 

Animal  studies 

All  utilized  animal  study  protocols  were  IACUC  approved  and  reviewed  by  our  institutional 
committee.  A  total  of  4x1 06  PC-3  cells  in  a  mixture  of  50  pL  complete  medium  and  50  pL  Matrigel 
(Becton-Dickinson,  Franklin  Lakes,  NJ)  was  implanted  subcutaneously  on  the  flank  of  5  weeks 
old  Athymic  male  NCr-nu/nu  nude  mice  (NCI,  Frederick,  MD,  USA).  Tumors  were  allowed  to 
develop  for  3  weeks,  yielding  an  approximately  100-125  mm3  starting  volume.  5-azacytidine  was 
dissolved  in  PBS  and  a  dose  of  2.5  mg/kg/day  was  injected  intra-peritoneal  during  a  period  of  5 
days.  Simultaneous  X-ray  treatment  was  delivered  to  the  tumor  at  a  0.5  or  2.5  Gy/day  dose 
during  the  same  five  day  period.  Lead  shielding  protected  the  surrounding  tissue  with  a  1  cm 
margin.  The  tumor  size  was  monitored  every  3  days  using  a  digital  caliper  and  calculated  using 
the  ellipsoid  volume  formula:  tumor  volume  =  tt/6  Ax  Bx  C,  where  A  and  B  are  the  equatorial 
diameters  and  C  is  the  polar  diameter.  Experiments  were  terminated  when  tumors  reached  a 
volume  of  1800  mm3. 

Y-H2AX  foci  counting 

Cells  were  plated  onto  24  well  tissue  culture  plates  and  allowed  to  attach  overnight  in  a  37°C,  5% 
C02  humidified  incubator.  Cells  were  treated  with  decitabine  or  5-azacytidine  at  the  indicated 
dose  for  48  hrs  and  then  exposed  to  single  dose  X-ray  treatment  with  concurrent  5-azacytidine  or 
decitabine  administration.  At  1,  6,  24,  and  48  hrs  post  radiation,  cells  were  fixed  with  2% 
paraformaldehyde  in  PBS  for  30  minutes  and  permeabilized  with  0.2%  Triton  X-100  in  PBS  for  30 
minutes.  Wells  were  blocked  with  0.05%  Triton  X-100  in  PBS  (PBST),  containing  5%  goat  serum 
and  1%  BSA  for  two  hours.  Cells  were  incubated  overnight  at  4°C  with  1:2000  y-H2AX  antibody 
(Cell  Signaling  Technology,  Danvers,  MA,  USA)  in  PBST  with  1%  BSA.  Alexa  Fluor  488 
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(Invitrogen,  Carlsbad,  CA,  USA)  secondary  antibody  was  diluted  1:2000  in  PBST  with  1%  BSA 
and  cells  were  incubated  for  1  hr  at  room  temperature.  Cells  were  stained  with  DAPI  at  a 
0.5pg/ml  concentration  for  15  minutes.  y-H2AX  foci  were  visualized  with  the  Opera  Imaging 
System  (Perkin  Elmer,  Waltham,  MA,  USA). 

In  vitro  non-homologous  end-joining  assays 

This  assay  was  essentially  performed  as  previously  described  (24).  Briefly,  the  pDvG94  plasmid 
was  digested  with  EcoRV  and  Eco47lll  in  order  to  generate  a  linear  plasmid.  This  plasmid  was 
transfected  to  cell  cultures  (pretreated  with  5-azacytidine  or  decitabine  for  48  hrs)  with  the  use  of 
FuGene  HD  (Roche,  Indianapolis,  IN,  USA).  Rejoined  plasmids  were  isolated  from  cell  cultures 
24  hrs  post  transfection  as  described  by  Hirt  et  al.  (25).  PCR  input  was  corrected  for  total  DNA 
concentration  of  the  Hirt  preparations,  thereby  correcting  for  differences  in  the  total  amount  of 
cells  present  in  the  cultures  at  the  time  of  harvest.  PCR  reactions  were  performed  by  amplification 
in  cycles  of  1  min  94°C,  1  min  55°C,  and  2  min  55°C,  using  32P-labeled  oligonucleotides  DAR  5 
and  FM30  (24).  The  PCR  reaction  was  performed  under  conditions  excluding  saturation,  allowing 
the  presence  of  unused  primers  at  the  completion  of  the  reaction  (typically  after  26  cycles).  PCR 
products  were  visualized  by  autoradiography. 

PCR  controls  were  performed  by  transfecting  cell  cultures  with  a  circular  vector  (mUP- 
Rosa),  followed  by  DNA  isolation  and  PCR  with  primers  mUP6503  and  GFP5762  (sequence 
details  available  upon  request)  under  identical  conditions  as  used  for  the  end-joining  assay. 

Quantification  of  5-azacytidine  incorporation  into  total  RNA 

RNA  incorporation  of  5-azacytidine  in  vivo  was  initiated  by  treating  cell  cultures  with  1,5,  10,  and 
15  pM  5-azacytidine  for  72  hours.  Subsequently,  total  RNA  was  extracted  using  the  Total  RNA 
Mini  Kit  (Omega  Biotek,  Norcross  GA)  according  to  manufacturer’s  instruction  with  DNase  I 
digestion.  Purified  RNA  was  then  digested  with  PI  nuclease  (Sigma,  St  Louis  MO)  for  2  hours  to 
obtain  mono-nucleotides.  Finally,  the  5-azacytidine  and  cytidine  contents  of  the  mixture  were 
separated  and  quantified  using  an  API  3200  Tandem  Mass  Spectrometer  with  a  Turbo  V  Ion 
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Source  (Applied  Biosystems,  Foster  City  CA),  connected  to  a  SIL-HTc  Autosampler/Controller, 
twin  20AD  Pumps,  and  a  CTO-20AC  Column  Heater  (Shimadzu  Scientific  Instruments,  Columbia, 
MD).  Separation  was  achieved  with  a  2.1  by  100mm  Diamond  Hydride  HPLC  Column  (MicroSolv 
Technology,  Eatontown,  NJ),  using  a  Ippt  formic  acid/acetonitrile  gradient  with  a  cycle  time  of  5 
minutes.  Retention  times  were  as  follows:  5-azacytidine  1.28,  decitabine  1.15,  cytidine  2.02 
minutes. 

Statistical  analysis 

Results  from  the  cell  survival  assay  (Figure  1)  were  analyzed  with  ANalysis  Of  VAriance 
(ANOVA)  techniques  after  appropriate  log-transformation.  Sources  of  variation  included  drug  (yes 
vs  no),  radiation  (yes  vs  no)  and  the  drug  by  radiation  interaction.  The  interaction  term  was  tested 
at  the  alpha  =  0.05  significance  level.  Additivity  between  drug  and  radiation  treatment  was  not 
excluded  for  cases  where  the  interaction  term  was  not  statistically  significant.  The  two  treatment 
modalities  were  not  considered  additive  in  cases  where  the  interaction  term  was  statistically 
significant.  In  these  situations  the  following  calculation  was  made:  Sc  =  I  x  SD  x  SR;  where  Sc,  SD, 
and  SR  equals  cell  survival  in  the  combination,  drug,  and  radiation  groups,  respectively.  I  is  the 
synergy  index  where  values  less  than  one  indicate  drug  and  radiation  were  working 
synergistically  and  values  greater  than  one  indicate  drug  and  radiation  were  working  together  less 
than  additive. 

Results  from  the  foci  counting  assay  (Figure  3)  were  analyzed  with  Poisson  regression. 
Sources  of  variation  included  treatment  group  (control,  drug  only,  radiation  therapy  only,  and  the 
drug-radiation  combination),  hours  post  radiation  (1,  6,  24,  and  48),  and  the  treatment  by  hour 
interaction.  The  standard  error  used  for  statistical  testing  was  increased  using  the  overdispersion 
parameter  based  on  the  residual  deviance.  For  the  radiation  only  and  drug-radiation  combination 
groups,  linear  treatment  contrasts  were  evaluated  to  assess  the  significance  and  magnitude  of 
decreasing  trends  in  foci  counts  over  time.  Additionally,  the  radiation  only  linear  trend  was 
statistically  compared  to  the  combination  group  linear  trend.  To  maintain  an  overall  0.05  Type  I 
error  rate,  each  time  trend  was  tested  at  the  alpha  =  0.0167  (0.05/3)  significance  level.  As  a 
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supplemental  analysis  the  drug,  radiation,  and  combination  groups  were  statistically  compared  to 
the  control  group  at  each  time  point  separately.  Additionally,  the  combination  group  was 
compared  to  both  the  drug  and  radiation  groups.  In  order  to  maintain  an  overall  0.05  Type  I  error 
rate,  these  comparisons  were  each  tested  at  the  alpha  =  0.01  significance  level. 
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Results 

5-azacytidine  and  decitabine  radio-sensitize  androgen-independent  prostate  cancer  cells  in  vitro 
and  in  vivo. 

We  first  evaluated  whether  prostate  cancer  cells  could  be  radio-sensitized  by  treatment  with  5- 
azacytidine  and  its  2’-deoxy  derivative,  decitabine.  We  therefore  selected  the  androgen- 
independent  PC-3  and  DU-145  cell  lines  and  the  androgen-dependent  LNCaP  cell  line  (21-23). 
Cell  cultures  were  pre-treated  with  either  5-azacytidine  or  decitabine  for  48  hours,  followed  by 
single  dosage  X-ray  exposure  with  concurrent  5-azacytidine  or  decitabine  treatment. 
Subsequently,  we  performed  a  clonogenic  survival  assay. 

All  cell  lines  displayed  sensitivity  to  both  decitabine  and  5-azacytidine,  and  to  X-ray 
treatment  alone  (Figure  1  A  and  B  panels).  Simultaneous  exposure  of  either  the  PC-3  or  the 
LNCaP  cell  lines  to  decitabine  and  radiation  yielded  significant  ANOVA  interaction  p-values, 
indicating  that  the  combination  therapy  was  not  additive.  Evaluation  of  survival  in  the 
combination  group  indicated  that  the  combination  therapy  was  synergistic  in  these  cell  lines 
(Figure  1A  and  Table  1).  Combination  of  5-azacytidine  with  radiation  was  found  to  be  significantly 
synergistic  in  PC-3  cells  and  qualitatively  synergistic  (survival  less  than  half  the  expected  survival 
under  additivity)  in  DU-145  cells  (Figure  IB  and  Table  1).  The  most  marked  synergistic  effect  of 
both  decitabine  and  5-azacytidine  was  found  in  PC-3  cells  (synergy  index  of  0.48  and  0.44, 
respectively). 

Similar  results  were  obtained  by  using  different  combinations  of  5-azacytidine  or  radiation 
doses  (data  not  shown),  but  effects  were  most  evident  at  relatively  low  decitabine  or  5- 
azacytidine  doses  (0.04  and  1.25  uM,  respectively).  We  conclude  that  both  5-azacytidine  and  its 
2’-deoxy  derivative,  decitabine,  have  a  potential  to  radio-sensitize  prostate  tumor  cells. 

Next,  we  verified  whether  the  radio-sensitizing  effect  of  5-azacytidine  could  be  observed  in  vivo 
as  well.  We  therefore  implanted  PC-3  prostate  cancer  cells  in  athymic  nude  mice.  After 
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development  of  tumors  at  the  inoculation  site,  5-azacytidine  was  administered  in  conjunction  with 
localized  X-ray  treatment  of  the  tumors.  Subsequently,  changes  in  tumor  volume  were  measured 
over  time  (Figure  2). 

We  initially  tested  a  regiment  of  2.5  mg/kg/day  5-azacytidine  for  5  days,  either  combined 
with  or  preceding  a  0.5  Gy/day  radiation  regiment  for  5  days  (Figure  2A).  At  these  low  radiation 
doses,  we  did  not  observe  a  beneficial  effect  of  5-azacytidine  treatment,  nor  did  we  observe  a 
difference  in  response  between  concurrent  and  sequential  administration  of  5-azacytidine  and 
radiation  (Figure  2A). 

We  then  administered  a  higher  dose  of  2.5  Gy/day  of  X-rays  in  combination  with  a  2.5 
mg/kg/day  dose  of  5-azacytidine  during  a  5  day  period  (Figure  2B).  Treatment  with  5-azacytidine 
alone  had  a  moderate  cytotoxic  effect.  X-ray  treatment  had  a  marked  initial  effect  on  tumor 
development,  retarding  tumor  growth  for  approximately  40  days.  After  this  initial  delay,  however, 
tumor  volumes  rapidly  increased,  presumably  due  to  the  absence  of  sustained  radiation  treatment 
(Figure  2B). 

Interestingly,  the  combination  of  5-azacytidine  and  radiation  treatment  resulted  in  a 
remarkably  retarded  tumor  growth  for  up  to  8  weeks  with  no  associated  host  toxicity  (Figure  2B). 
These  findings  clearly  demonstrate  that  combination  of  5-azacytidine  treatment  with  radiation 
therapy  has  a  beneficial  effect  on  tumor  growth,  complementing  our  clonogenic  survival  studies  in 
PC-3  cells  (Figure  1). 

5-azacytidine  delays  or  impairs  the  repair  of  radiation  induced  DNA  double-strand  breaks. 

In  order  to  elucidate  the  radio-sensitizing  activity  of  5-azacytidine  and  decitabine  we  investigated 
whether  these  compounds  had  an  adverse  effect  on  the  repair  of  radiation  induced  DSBs. 
Therefore,  PC-3,  DU-145,  and  LNCaP  cell  cultures  were  pre-treated  with  5-azacytidine  or 
decitabine  for  48  hours,  followed  by  single  X-ray  exposure  with  concurrent  5-azacytidine  or 
decitabine  treatment.  Subsequently,  cells  were  fixed  at  different  time  points  post  radiation  and 
immuno-stained  with  an  antibody  generated  against  the  phosphorylated  form  of  the  H2A  histone 
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proteins  (y-H2AX),  a  generally  recognized  indicator  of  DSBs  (26)  (Figure  3A).  We  then 
established  an  average  foci  count  per  cell  nucleus  for  each  time  point  (Figure  3B). 

For  each  cell  line  we  observed  a  rise  in  the  number  of  y-H2AX  foci  1  hr  post  radiation, 
indicating  the  presence  of  radiation  induced  DSBs  (Figure  3B).  In  the  absence  of  5-azacytidine  or 
decitabine  these  foci  gradually  disappeared  in  the  48  hr  interval  post  radiation,  demonstrating 
normal,  efficient  DSB  repair  in  all  cell  lines  tested  (Figure  3B). 

Interestingly,  we  found  that  5-azacytidine  treated  PC-3  and  DU-145  cells  did  not  display 
such  a  marked  decline  in  y-H2AX  foci  (Figure  3B  left  panel).  In  order  to  quantify  the  y-H2AX  foci 
decline,  we  calculated  a  time  trend  which  reflects  the  average  decrease  of  foci  per  hour  (Table  2). 
The  difference  in  time  trends  between  radiated  cells  and  combination  treated  cells  was  strongly 
significant  in  PC-3  and  DU-145  cells  (Table  2).  No  significant  difference  was  found  in  LNCaP 
cells.  These  findings  suggests  that  5-azacytidine  possesses  the  capacity  to  delay  or  impair  DSB 
repair  in  PC-3  and  DU-145  lines,  which  fits  our  observation  that  5-azacytidine  and  radiation  have 
a  synergistic  effect  on  cell  survival  and  tumor  growth  (Figure  1  and  2). 

A  similar  but  less  pronounced  effect  was  observed  for  decitabine  combination  treatment 
on  PC-3  and  DU-145  cells  (Figure  3B  right  panel  and  Table  2).  However,  this  observation  was 
complicated  by  the  fact  that  exposure  of  cells  to  decitabine  without  radiation  increased  the 
number  of  y-H2AX  foci  in  all  three  cell  lines  (Figure  3B  right  panel),  suggesting  that  decitabine 
interacted  with  DNA  in  a  fashion  that  was  not  observed  with  5-azacytidine.  Although  the  number 
of  y-H2AX  foci  remained  high  in  PC-3  and  DU-145  cells  that  were  treated  with  both  radiation  and 
decitabine,  this  effect  cannot  be  solely  attributed  to  faulty  DSB  repair  since  decitabine  by  itself 
causes  maintained  elevation  of  the  Y-H2AX  foci  count. 

In  order  to  further  test  the  hypothesis  that  5-azacytidine  impairs  DSB  repair  in  PC-3  and  DU-145 
cells,  we  transfected  5-azacytidine  or  decitabine  treated  cell  cultures  with  a  linearized  plasmid. 
This  plasmid  essentially  mimics  the  presence  of  a  DSB  and  recircularization  of  the  plasmid 
indicates  efficient  DSB  repair  via  the  non-homologous  end-joining  (NHEJ)  pathway.  Based  on 
methodology  first  described  by  Verkaik  et  al.  (24),  we  quantified  DSB  rejoining  by  isolating 
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recircularized  plasmids  24  hours  post  transfection,  followed  by  PCR  over  the  joint  region  of  the 
plasmid  (Figure  4A).  Care  was  taken  to  ensure  that  the  PCR  reaction  was  not  performed  to 
saturation,  allowing  quantification  of  the  signal.  The  occurrence  of  a  false  positive  signal  due  to 
transfection  with  an  incidental  remnant  of  non-linearized  plasmid  was  excluded  due  to  a 
significant  difference  in  size  between  the  reaction  products  of  recircularized  and  non-linearized 
plasmids  (Figure  4A). 

To  ensure  that  5-azacytidine  did  not  have  an  aspecific  effect  on  transfection  efficiency, 
we  transfected  cells  with  an  unrelated  plasmid  (mllP-Rosa)  and  performed  a  quantitative  PCR  on 
the  isolated  plasmid  one  day  post  transfection.  As  expected,  no  difference  in  signal  was  observed 
between  untreated  cells  and  cells  treated  with  5-azacytidine  (Figure  4B). 

Performing  our  end-joining  assay  with  the  linearized  pDvG94  plasmid,  we  observed  that 
treatment  of  the  PC-3  and  DU-145  cell  lines  with  an  increasing  amount  of  5-azacytidine  resulted 
in  a  corresponding  decrease  of  PCR  product  (Figure  4C  left  panel).  These  data  indicate  that 
NHEJ  mediated  DSB  repair  in  PC-3  and  DU-145  cells  was  impaired  or  delayed  as  a 
consequence  of  5-azacytidine  treatment. 

We  did  not  find  any  decrease  in  end-joining  levels  in  the  LNCaP  cell  line  after  treatment 
with  5-azacytidine  (Figure  4C  left  panels).  This  correlates  well  with  the  observation  that 
disappearance  of  y-H2AX  foci  was  not  delayed  in  LNCaP  cells  (Figure  3)  and  that  no  obvious 
synergy  was  detectable  between  radiation  and  5-azacytidine  treatment  in  LNCap  cells  (Figure  1). 

Next,  we  investigated  whether  the  differences  in  response  to  5-azacytidine  between  the 
three  cell  lines  could  be  attributed  to  a  differential  RNA  metabolism  of  5-azacytidine.  Therefore, 
we  measured  the  incorporation  of  5-azacytidine  into  the  total  RNA  of  all  three  cell  lines  at  different 
5-azacytidine  concentrations  (Figure  4D).  This  analysis  revealed  a  clear  correlation  between  5- 
azacytidine  concentration  in  the  culture  medium  and  5-azacytidine  RNA  incorporation  for  all  cell 
lines.  Interestingly,  PC-3  cells  showed  a  steeper  RNA  incorporation  pattern  than  DU-145  and 
LNCaP  cells,  which  could  explain  why  PC-3  cells  are  radio-sensitized  more  effectively  than  DU- 
145  cells.  On  the  other  hand,  LNCaP  cells  displayed  a  5-azacytidine  incorporation  rate  that  was 
intermediate  to  those  of  PC-3  and  DU-145  cells.  Therefore,  the  absence  of  a  5-azacytidine  effect 
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on  DNA  repair  in  LNCaP  cells  can  not  be  solely  attributed  to  a  lower  5-azacytidine  incorporation 
rate  and  must  be  (co-)mediated  by  another  characteristic  that  is  inherent  to  LNCaP  cells. 

Treatment  of  PC-3,  DU-145,  and  LNCaP  cells  with  decitabine  did  not  result  in  any 
detectable  decrease  in  PCR  product  (Figure  4C  right  panels),  demonstrating  that  decitabine  does 
not  interfere  with  DSB  repair.  These  results  further  support  our  conclusion  that  although  both 
decitabine  and  5-azacytidine  radio-sensitize  prostate  cancer  cells,  the  mechanism  by  which  these 
compounds  exert  their  activity  is  distinctly  different. 
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Discussion 

In  this  paper  we  demonstrate  that  5-azacytidine  has  a  distinct  potential  to  radio-sensitize  prostate 
cancer  cells  by  impairing  DSB  repair.  Although  Snyder  and  Lachmann  (27)  claimed  an  inhibitory 
effect  of  5-azacytidine  on  DNA  single-strand  break  repair  in  1989,  these  authors  used  such  high 
doses  of  5-azacytidine  and  decitabine  (100  and  500  pM,  respectively)  that  their  experimental 
design  likely  reflected  apoptosis  and  cell  death,  rather  than  radiation-induced  single-strand  DNA 
breakage.  In  addition,  differential  effects  on  DNA  breakage  were  only  observed  shortly  after 
exposure  to  high  radiation  doses  (16Gy). 

The  radio-sensitizing  effect  of  the  cytidine  analog  zebularine  was  previously  reported  and 
associated  with  increased  levels  of  y-H2AX,  but  a  direct  inhibition  of  DNA  repair  was  never 
demonstrated  (28).  Dote  et  al.  argue  that  increased  levels  of  y-H2AX  could  be  caused  by 
apoptosis,  cell  cycle  arrest  or  impaired  DNA  repair.  By  using  a  DNA  substrate  that  can  only  be 
repaired  via  the  non-homologous  end-joining  pathway  -  the  cell  does  not  provide  a  homologous 
template,  thereby  excluding  homologous  recombination  -  we  have  demonstrated  the  involvement 
of  a  specific  DNA  repair  mechanism  in  the  radio-sensitizing  activity  of  5-azacytidine,  rather  than 
the  involvement  of  apoptosis  or  cell  cycle  arrest. 

Although  decitabine  does  display  a  radio-sensitizing  potential,  our  data  demonstrates  that 
decitabine,  unlike  5-azacytidine,  does  not  impair  the  NHEJ  mechanism.  We  therefore  infer  that 
the  mechanism  of  decitabine  activity  differs  from  that  of  5-azacytidine.  Our  observation  that 
decitabine  treatment  alone  increases  the  number  of  y-H2AX  foci  (Figure  3),  suggests  that 
incorporation  of  decitabine  into  the  genome  may  induce  DNA  breakage  and/or  chain  termination. 
Evidently,  such  an  effect  would  enhance  radiation  efficiency. 

Conversion  of  5-azacytidine  into  decitabine  followed  by  incorporation  into  the  genome 
would  partly  explain  the  synergistic  relationship  between  radiation  and  5-azacytidine  treatment.  It 
would,  however,  not  explain  impairment  of  DSB  repair  because  decitabine  does  not  introduce  the 
NHEJ  defect.  We  therefore  speculate  that  this  latter  effect  is  caused  by  incorporation  of  5- 
azacyidine  into  the  RNA,  possibly  influencing  proper  expression  of  certain  protein  factors  involved 
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in  DSB  repair  through  the  NHEJ  pathway.  This  hypothesis  is  supported  by  the  fact  that  5- 
azacytidine,  unlike  decitabine,  is  not  capable  of  inducing  elevated  levels  of  y-H2AX  foci, 
suggesting  that  the  majority  of  5-azacytidine  molecules  is  incorporated  directly  into  the  RNA, 
rather  than  being  converted  to  decitabine  and  incorporated  into  the  genome.  This  explanation  fits 
earlier  observations,  which  have  shown  that  up  to  90%  of  the  available  5-azacytidine  molecules 
will  be  metabolized  into  RNA  (7). 

Our  findings  may  provide  some  basis  for  future  investigations  into  the  regulatory 
mechanisms  that  control  DSB  break  repair.  Little  information  is  currently  available  on  the 
epigenetic  or  transcriptional/translational  regulation  of  the  HR  and  NHEJ  repair  pathways.  Based 
on  our  experiments,  it  seems  reasonable  to  assume  that  incorporation  of  5-azacytidine  into  either 
mRNA  or  regulatory  RNA  may  assert  an  influence  on  expression  of  repair  genes.  However,  the 
fact  that  LNCaP  cells  do  not  show  a  detectable  NHEJ  impairment  while  they  do  incorporate  5- 
azacytidine  into  the  RNA,  demonstrates  that  RNA  mediated  effects  are  not  the  sole  basis  for 
repair  regulation. 

Despite  the  fact  that  the  exact  mechanism  of  5-azacytidine  action  is  still  unclear,  our 
findings  open  some  new  therapeutic  vistas.  Based  upon  the  data  we  presented  in  this  paper,  we 
suggest  further  clinical  investigation  into  the  use  of  radiation  and  5-azacytidine  in  prostate  cancer 
patients,  the  initial  goal  being  relief  of  the  primary  tumor  burden.  It  lies  within  reason  to  expect 
that  administration  of  5-azacytidine  would  increase  radiation  efficiency,  thereby  decreasing  the 
necessary  dose  and  limiting  exposure  of  surrounding  tissue.  Moreover,  since  incorporation  of  5- 
azacytidine  into  the  genome  requires  cell  division,  the  drug  is  likely  to  be  more  effective  in 
relatively  fast  dividing,  cancerous  tissue.  This  latter  circumstance  will  help  to  reduce  the  radiation 
burden  on  healthy  tissues  which  surround  the  tumor.  Although  this  approach  is  not  likely  to  prove 
curative,  it  may  well  improve  existing  radiation  protocols. 

The  use  of  5-azacytidine  has  so  far  only  been  FDA  approved  for  treatment  of 
myelodysplastic  syndromes,  but  the  data  we  here  present  suggest  a  chemotherapeutic  potential 
beyond  the  treatment  of  myeloid  disorders  and  argue  for  further  investigation  into  the  use  of  this 
drug  for  the  treatment  of  solid  malignancies;  a  recommendation  echoed  by  a  recent  publication 
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on  decitabine  (12).  Because  we  have  no  reason  to  assume  that  the  effects  of  5-azacytidine  are 
tissue  specific,  we  speculate  that  future  experimentation  can  be  relatively  easily  expanded  to 
include  other  cancers  for  which  radiation  therapy  is  considered  a  first  line  of  treatment.  Clinical 
trials  on  lung  cancers,  pancreatic  cancers,  soft  tissue  sarcoma’s  and  glioblastoma’s,  for  example, 
could  potentially  reveal  significant  effects  on  tumor  control  within  a  relatively  small  test  population. 

Combining  radiation  therapy  with  long  term  androgen  ablation  has  recently  been  proven 
to  slow  down  the  advance  of  castration  resistant  prostate  cancers  (18,  19).  In  addition,  clinical 
trials  have  revealed  that  5-azacytidine  administration  slowed  progression  of  castration  resistant 
prostate  cancer  by  restoring  responsiveness  to  standard  androgen  ablation  therapy  (17).  It  is 
theoretically  conceivable  that  5-azacytidine,  having  the  dual  potential  to  sensitize  prostate  tumors 
to  androgen  ablation  and  to  radiation,  may  be  a  powerful  therapeutic  tool  in  combination  with 
radiation  of  the  primary  tumor  and  long  term  androgen  deprivation.  Such  a  combined  approach 
would  not  only  increase  efficiency  of  the  early  treatment,  but  might  prolong  the  time  necessary  for 
disease  progression.  Further  preclinical  studies  will  be  necessary  in  order  to  verify  this 
hypothesis. 
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Figure  legends 

Figure  1.  Decitabine  and  5-azacytidine  radio-sensitize  prostate  cancer  cells  in  vitro.  (A) 

Clonogenic  survivals  of  androgen-independent  PC-3,  DU-145,  and  androgen-dependent  LNCaP 
cells  after  48  hrs  exposure  to  decitabine,  followed  by  a  single  dose  X-ray  treatment.  Cell  survival 
percentages  were  normalized  to  the  untreated  control.  (B)  Clonogenic  survivals  of  PC-3,  DU-145, 
and  LNCaP  cells  after  48  hrs  exposure  to  5-azacytidine,  followed  by  a  single  dose  X-ray 
treatment.  Cell  survival  percentages  were  normalized  to  the  untreated  control.  All  data  points  are 
based  on  triplicate  repeats.  Error  bars  represent  standard  deviations. 

Figure  2.  5-azacytidine  delays  regrowth  of  PC-3  tumors  in  athymic  mice  after  radiation 
treatment.  (A)  Tumor  volumes  after  a  5  day  administration  of  2.5  mg/kg/day  5-azacytidine  in 
combination  with  a  0.5  Gy/day  dose  of  X-rays.  5-azacytidine  treatment  was  given  either 
concurrently  with  radiation  or  preceding  radiation.  (B)  Tumor  volumes  after  a  5  day  administration 
of  2.5  mg/kg/day  5-azacytidine  in  combination  with  a  2.5  Gy/day  dose  of  X-rays.  5-azacytidine 
treatment  was  administered  concurrently  with  radiation.  A  minimum  of  6  mice,  each  bearing  2 
tumors,  was  used  per  data  point.  Error  bars  represent  standard  deviations. 

Figure  3.  5-azacytidine  impairs  or  delays  repair  of  DNA  double  strand  breaks  after 
radiation  treatment.  (A)  Example  of  y-H2AX  foci  induced  by  X-rays,  visualized  by  immuno- 
staining.  (B)  Quantitative  representation  of  the  average  number  of  y-H2AX  foci/nucleus  in  5- 
azacytidine  treated  (left  panel)  or  decitabine  treated  (right  panel)  PC-3,  DU-145,  and  LNCaP  cells 
at  1 ,  6,  24,  and  48  hours  post  radiation.  A  minimum  of  50  nuclei  was  counted  per  data  point.  Error 
bars  represent  standard  deviations. 

Figure  4.  5-azacytidine  reduces  non-homologous  end-joining  efficiency.  (A)  Left  panel:  flow 
scheme  of  the  end-joining  assay.  Cells  are  transfected  with  the  pDvG94  plasmid  after 
linearization  with  the  Eco47lll  and  EcoRV  restriction  enzymes.  Rejoined  of  the  two  resulting  blunt 
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ends  can  only  occur  through  non-homologous  end-joining.  Recircularized  plasmid  is  isolated  from 
the  cells  24  hrs  post  transfection  and  quantified  by  PCR  over  the  joined  region.  Right  panel:  only 
recircularized  plasmid  gives  rise  to  the  required  180  bp  PCR  product.  First  lane:  uncut  pDvG94, 
second  lane:  recircularized  by  T4  DNA  ligase  in  vitro,  third  lane:  recircularized  in  cells.  (B)  PCR 
control.  Cells  were  transfected  with  a  plasmid  unrelated  to  pDvG94  (mUP-Rosa)  after  treatment 
with  5-azacytidine.  No  influence  of  5-azacytidine  on  transfection  efficiency,  plasmid  isolation  or 
PCR  yield  was  observed.  Depicted  are  the  results  for  PC-3  cells.  DU-145  and  LNCaP  cells  gave 
identical  results.  (C)  PC-3,  DU-145,  and  LNCaP  cells  were  transfected  with  linearized  pDvG94 
plasmid  after  5-azacytidine  (left  panel)  or  decitabine  (right  panel)  treatment  and  the  end-joining 
efficiency  was  measured  by  means  of  quantitative  PCR.  Percentages  under  the  panels  represent 
relative  intensities  of  the  PCR  products.  (D)  Quantification  of  5-azacytidine  incorporation  into  total 
RNA  as  a  function  of  5-azacytidine  concentration  in  the  culture  medium.  Error  bars  represent 
standard  deviations. 


23 


A 


PC-3 

decitabine  +/-  radiation 


B 


PC-3 

5-azacytidine  +/-  radiation 


Untreated  2Gy  0.04pM  Combination 


DU-145 

decitabine  +/-  radiation 


400  -| 

200  - 

000  - 1 - 

■ - 

800  - 

600  - 

400  - 

200  - 

HV[>^ 

Untreated  IGy  0.04|jM  Combination 


1.400 

1.200  - 

1.000  - 1 - | - 1 - 

I0'800  - - ^ 

M 

0.400  - -  - 

0.200  - -  - 

Untreated  2Gy  1.25pM  Combination 

DU-145 

5-azacytidine  +/-  rac 

1.400 

1.200  - - 

iation 

— 

1.000  - 1 - 1 - 

'E  0.800  - -1-  - 1 - 

:  \ 

~  0.600  - -  T  . - 

1  \  m 

0.400  - -  - 

0.200  - -  - 

1. 

Untreated  2Gy  1.25(jM  Combination 

LNCaP 

5-azacytidine  +/-  rad 

1.400 

iation 

1.200  - 

1.000  - 1 - 1 - 

> 

E  0.800  - - 

3 

IH  T 

2  rn 

0.400  -  ]_  - 

::H  H  H 

Untreated  IGy  1.25pM  Combination 

Figure  1  Weterings  et  al. 


5-azacytidine  impairs  DNA  repair  in  prostate  cancer  cells 


Tumor  Volume  (mm3)  Tumor  Volume  (mm3) 


— *—  untreated 


— *—  5-azacytidlne  2.5  mg/kg 
— «—  radiation  0.5  Gy 

— •—  radiation  +  5-aza  simultaneous 


—  5-aza  followed  by  radiation 
radiation  followed  by  5-aza 


untreated 

-±—  5-azacytidine  2.5  mg/kg 
radiation  2.5  Gy 
— •—  radiation  +  5-azacytidine 


0  5  10  15  20  25  30  35  40  45  50  55  60  65 

Time  (days) 


Figure  2  Weterings  et  al. 


5-azacytidine  impairs  DNA  repair  in  prostate  cancer  cells 


A 


H2AX  foci 
(green) 


Untreated 


4Gy  radiation 


B 


PC-3 

5-azacytidine  +/-  radiation 


L 

i . 

bat 

24 


48 


time  post  radiation  (hrs) 

■  IpM  5-azacytidine  □4Gy  radiation  ■combination 


PC-3 

decitabine  +/-  radiation 


!  I 


time  post  radiation  (hrs) 


■  0.05pM  decitabine  D2Gy  radiation 


DU-145 

5-azacytidine  +/-  radiation 


50 

40 


1  6  24  48 

time  post  radiation  (hrs) 


□  untreated  alpM  5-azacytidine  D4Gy  radiation  ■combination 


LNCaP 

5-azacytidine  +/-  radiation 


DU-145 

decitabine  +/-  radiation 


LNCaP 

decitabine  +/-  radiation 


50 

40 

«  30 

1- 

10 

■ 

T  ,  T  i  T 

Jl 

1 

6  24  48 

time  post  radiation  (hrs) 

□  untreated 

IS0.05pM  decitabine  D2Gy  radiation  ■combination 

Figure  3  Weterings  et  al. 


5-azacytidine  impairs  DNA  repair  in  prostate  cancer  cells 


A 


C 


PC-3 


5-azacytidine  (uM) 
pDvG94 

I — 180  bp 


0  0.01  0.05  0.1  decitabine  (uM) 
+  +  +  +  pDvG94 


PC-3 


-180  bp 


100  100  101  96  % 


0  0  1  2.5 

+  +  + 


5  5-azacytidine  (uM) 
+  pDvG94 


DU-145 


100  98  63  50  % 


180  bp 


DU- 145 


0  0  0.01  0.05  0.1  decitabine  (uM) 
+  +  +  +  pDvG94 


100  99  95  94  % 


0  0  2.5  5  7.5  5-azacytidine  (uM) 

+  +  +  +  pDvG94 


0  0  0.01  0.05  0.1  decitabine  (uM) 

-  +  +  +  +  pDvG94 


LNCaP 


180  bp 


LNCaP 


-180  bp 


100  104  103  102  % 


100  93  98  106  % 


Figure  4  Weterings  et  al. 


Table  1  Analysis  of  variance  to  assess  synergistic  potential  of  combination  therapy  (Figure  1). 


Drug 

Cell  Line 

Survival 

Drug 

Survival 

Radiation 

Survival 

Comb. 

Expected 

Survival1 

Interaction 

p-value 

Synergy 

Index 

decitabine 

PC-3 

21.1 

79.4 

8.1 

16.7 

0.007 

0.48 

decitabine 

DU-145 

45.9 

61.6 

36.8 

28.3 

<0.001 

1.30 

decitabine 

LNCaP 

33.8 

33.9 

9.3 

11.5 

<0.001 

0.81 

5-aza 

PC-3 

74.1 

77.2 

25.3 

57.2 

<0.001 

0.44 

5-aza 

DU-145 

80.0 

57.4 

22.1 

46.0 

0.513 

NR 

5-aza 

LNCaP 

54.6 

47.9 

35.3 

26.2 

0.182 

NR 

Expected  survival  for  the  combination  if  drug  and  radiation  therapy  were  additive. 
NR  =  not  reported  because  interaction  term  was  not  significant  indicating  additivity. 


Table  2  Analysis  of  time  trends  in  gamma-H2AX  foci  decrease  (Figure  3) 


Time  trend  in  radiation  only 
groups 

Time  trend  in  combination 
groups 

Comparison 
of  trends 

Comparison  of 
trend  ratios 

Drug 

Cell  Line 

Decrease  in  foci 
per  hour 

P-value 

Decrease  in  foci 
per  hour 

P-value 

P-value 

5-aza 

PC-3 

0.44 

<0.001 

0.15 

<0.001 

<0.001 

2.9 

5-aza 

DU-145 

0.37 

<0.001 

0.23 

<0.001 

0.007 

1.6 

5-aza 

LNCaP 

0.37 

<0.001 

0.34 

<0.001 

0.765 

NR 

decitabine 

PC-3 

0.33 

<0.001 

0.19 

<0.001 

<0.001 

1.7 

decitabine 

DU-145 

0.27 

<0.001 

0.18 

<0.001 

<0.001 

1.5 

decitabine 

LNCaP 

0.24 

<0.001 

0.42 

<0.001 

0.080 

NR 

NR=  not  reported  because  difference  in  time  trends  was  not  significant. 
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Previous  studies  from  our  laboratory  have  shown  that  the  cGMP/protein  kinase  G  (PKG)  signaling 
pathway  plays  an  essential  role  in  preventing  spontaneous  apoptosis  in  neural  cells;  however,  the 
mechanism  is  not  understood.  A  potential  downstream  target  of  PKG  is  the  apoptosis-regulating  protein 
Bad,  which  contains  a  sequence  around  its  serine  155  (serl55  in  mouse  Bad,  equivalent  to  serll8  in 
human  Bad)  predicted  to  be  a  consensus  motif  for  PKG-catalyzed  phosphorylation.  Using  both  in  vitro 
and  cell-based  experiments,  we  determined  if  PKG  phosphorylates  Bad  at  serl55  and  if  blocking/ 
stimulating  PKG-catalyzed  Bad  phosphorylation  causes  pro-apoptotic/anti-apoptotic  responses. 
Recombinant  PKG  type-la  (PKG-Ia)  was  found  to  directly  phosphorylate  recombinant  Bad  at  serl55 
in  vitro.  In  N1E-115  mouse  neural  cells,  which  naturally  express  PKG-la  as  the  predominant  PKG 
isoform,  addition  of  8-Br-cGMP  (0.1-1.0mM),  a  cell-permeable  direct  PKG-Ia  activator,  increased 
serl  55  phosphorylation  of  Bad.  ODQ  ( 50  p.M),  a  soluble  guanylyl  cyclase  inhibitor  that  lowers  cGMP/PKG 
activity,  decreased  serum-induced  serl  55  phosphorylation  of  Bad  and  induced  apoptosis  in  N1E-115 
cells.  Treatment  with  DT-2  and  DT-3,  selective  PKG-Ia  inhibitors,  both  decreased  Bad  serl  55 
phosphorylation  and  induced  apoptosis.  The  data  indicate  that  PKG-Ia  directly  phosphorylates  Bad  at 
serl  55,  which  may  participate  in  cGMP/PKG-induced  anti-apoptotic/cytoprotective  effects  in  neural 
cells. 

©  2010  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Exposure  of  neural  cells  to  nitric  oxide  (NO)  or  atrial  natriuretic 
peptide  (ANP)  stimulates  the  biosynthesis,  intracellular  accumu¬ 
lation  and  cellular  efflux  of  cyclic  CMP  (cGMP),  an  important 
second  messenger  mediating  a  variety  of  biological  functions  in 
neural  cells  (Fiscus  et  al.,  1987).  One  of  the  intracellular  functions 
of  cGMP  is  to  activate  cGMP-dependent  protein  kinase  (protein 
kinase  G,  PKG),  which  results  in  neuroprotection  (Chiueh  et  al„ 
2003;  Ciani  et  ah,  2002;  Fiscus,  2002;  Fiscus  et  ah,  2002). 
Stimulation  of  the  cGMP/PKG  signaling  pathway  has  been  shown 
to  protect  primary  hippocampal  neurons  against  induction  of  cell 
death  by  glutamate  toxicity  and  glucose  deprivation  (Barger  et  ah, 
1995),  to  prevent  (or  delay)  the  onset  of  serum-deprivation- 
induced  apoptosis  in  PC12  cells  (Fiscus  et  ah,  2001b),  to  protect 
against  the  toxic/pro-apoptotic  effects  of  high  (pathological) 


Abbreviations:  Akt,  protein  kinase  B;  ANP,  atrial  natriuretic  peptide;  CREB,  cAMP- 
response-element  binding  protein;  NO,  nitric  oxide;  ODQ,  (1H-[l,2,4]Oxadia- 
zolo[4,3-a]quinoxalin-l-one);  PKA,  protein  kinase  A  or  cAMP-dependent  protein 
kinase;  PKG,  protein  kinase  G  or  cGMP-dependent  protein  kinase. 
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levels  of  NO  in  NG 108-1 5  neuroblastoma-glioma  hybrid  cells 
(Cheng  Chew  et  ah,  2003),  and  to  protect  against  induction  of 
apoptosis  by  reactive  oxygen  species,  such  as  hydrogen  peroxide, 
in  chick  retinal  neurons  (Mejia-Garcia  and  Paes-de-Carvalho, 
2007).  In  contrast,  the  cGMP/PKG  pathway  has  been  reported  to 
mediate  cell  death  in  certain  neural  cells,  notably  the  photo¬ 
receptors  in  animal  models  of  retinitis  pigmentosa  (Paquet- 
Durand  et  ah,  2009).  In  this  case,  however,  the  toxic  effects 
occurred  because  of  a  severe  hyperactivation  of  the  cGMP/PKG 
signaling  pathway  caused  by  a  defect  in  cGMP  degradation, 
characteristic  of  retinitis  pigmentosa.  In  general,  high  levels  of  NO 
in  the  cell  lead  to  toxic  effects  due  to  the  formation  of 
peroxynitrite  (Beckman  and  Koppenol,  1996).  In  PC12  cells,  it 
was  shown  that  neural  cell  death  in  response  to  high  levels  of  NO  is 
mediated  by  a  mechanism  other  than  hyperactivation  of  the 
cGMP/PKG  signaling  pathway  (Wada  et  ah,  1996).  At  lower, 
physiological  levels  of  activation  of  the  cGMP/PKG  pathway,  such 
as  that  caused  by  the  low  (physiological)  levels  of  NO  within 
healthy  mammalian  brain  and  peripheral  nerves,  this  signaling 
pathway  is  thought  to  provide  continuous  protection  against 
neural  cell  death,  limiting  the  loss  of  neural  cells  that  may  occur 
because  of  aging  or  exposure  to  stressful  conditions,  such  as 
inflammation  and  ischemia  (Chiueh  et  ah,  2003 ;  Ciani  et  ah,  2002 ; 
Fiscus,  2002;  Fiscus  et  ah,  2002). 
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Intracellular  stimulation  of  PKG  kinase  activity  by  exposure  to 
NO  and  ANP  was  first  demonstrated  in  the  vascular  smooth  muscle 
cells  (VSMCs)  of  freshly  isolated  blood  vessels  (Fiscus,  1988;  Fiscus 
and  Murad,  1988;  Fiscus  et  al„  1983, 1985).  Interestingly,  even  the 
basal  levels  of  NO  tonically  released  from  unstimulated  endothelial 
cells  lining  the  blood  vessels  were  sufficient  to  significantly  elevate 
the  intracellular  PKG  kinase  activity  to  approximately  30%  of 
maximal  activity  in  the  underlying  VSMCs,  which  provided  a 
continuous  biological  action,  in  this  case,  protection  against 
vasoconstriction  (Fiscus  et  al„  1983).  PKG  is  now  recognized  as 
a  key  downstream  target  of  cGMP  in  the  cellular  signaling  pathway 
that  mediates  ANP-  and  NO-induced  vasodilations  and  the 
prevention  against  developing  hypertension  and  other  vascular 
diseases  (Butt  et  al„  1993;  Francis  and  Corbin,  1994;  Hofmann 
et  al„  2006;  Lincoln  et  al„  2006). 

The  cGMP/PKG  signaling  pathway  may  participate  in  either 
pro-apoptotic  or  anti-apoptotic  effects  in  mammalian  cells, 
depending  on  the  type  of  cells  studied,  the  experimental  conditions 
and  the  level  of  stimulation  of  the  cGMP/PKG  pathway  (reviewed 
in  Fiscus,  2002;  Fiscus  et  al„  2002).  Anti-apoptotic/cytoprotective 
effects  of  cGMP  elevations  and  PKG  activation  are  prominently 
observed  in  B  lymphocytes  (Kolb,  2000),  leukemia  cells  (Flamigni 
et  al„  2001),  rat  ovarian  follicles  (Chun  et  al„  1995),  immortalized 
uterine  epithelial  cells  (Chan  and  Fiscus,  2003)  and  many  neural 
cells,  including  primary  cultures  of  rat  hippocampal  neurons, 
dorsal  root  ganglion  neurons  and  motor  neurons,  cerebellar 
granule  cells  and  PC12  cells  (reviewed  in  Fiscus,  2002),  and  in 
SH-SY5Y  human  neuroblastoma  cells  (Chiueh  et  al.,  2003)  as  well 
as  NG108-15  neuroblastoma-glioma  hybrid  cells  and  N1E-115 
cells  (Cheng  Chew  et  al.,  2003;  Fiscus,  2002;  Fiscus  et  al.,  2002). 

Even  basal  levels  of  cGMP  and  PKG  activity  appear  sufficient, 
and  necessary,  to  protect  neural  cells  (e.g.  N1E-115  and  NG108-15) 
against  spontaneous  development  of  apoptosis  during  normal 
culturing  conditions  (Fiscus,  2002;  Fiscus  et  al.,  2002).  The  cGMP / 
PKG  pathway,  either  at  basal  or  slightly  elevated  activity,  appears 
to  inhibit  a  key  step  in  the  onset  of  apoptosis,  thus  helping  to  keep 
the  pro-apoptotic  pathway  in  check.  Several  potential  downstream 
targets  of  PKG  have  been  proposed,  such  as  the  transcription  factor 
CREB  (Jurado  et  al.,  2004),  and  subsequent  increased  gene 
expression  of  cytoprotective  proteins,  such  as  Bel -2  (Ciani  et  al„ 
2002;  Fiscus,  2002),  as  well  as  induction  of  other  proteins, 
including  thioredoxin  and  manganese  superoxide  dismutase  via 
the  activation  of  unknown  transcription  factors  (Chiueh  et  al„ 
2003).  However,  direct  phosphorylation  of  other  apoptosis¬ 
regulating  proteins,  such  as  members  of  the  Bcl-2  protein  family, 
by  PKG  has  not  yet  been  reported. 

The  present  study  determined  if  PKG  phosphorylates  Bad  at  its 
serine  155  residue,  using  both  in  vitro  and  intact-cell  experiments. 
Bad  is  an  important  apoptosis-regulating  Bcl-2  family  member 
(Zha  et  al.,  1997).  Unphosphorylated  Bad  dimerizes  with  Bcl-xL, 
preventing  the  anti-apoptotic  effects  of  Bcl-xL  (i.e.  inducing  a  pro- 
apoptotic  effect).  When  phosphorylated  at  serine  112  and  136,  Bad 
preferentially  binds  to  14-3-3  in  the  cytosol,  preventing  binding  of 
Bad  to  Bcl-xL  and  thus  blocking  pro-apoptotic  effects  of  Bad  (Datta 
et  al.,  2000;  Zha  et  al.,  1997).  Various  extracellular  survival  factors 
increase  phosphorylation  at  serine  residues  112  and  136  of  Bad, 
resulting  in  inhibition  of  apoptosis.  Three  kinases,  Akt  (protein 
kinase  B),  cAMP-dependent  protein  kinase  (protein  kinase  A  (PKA)) 
and  RSK  play  prominent  roles  as  mediators  of  Bad  phosphorylation. 
For  example,  Akt  directly  phosphorylates  serine  136  of  Bad, 
whereas  PKA  directly  phosphorylates  serine  residue  112.  More 
recently,  a  third  phosphorylation  site  on  Bad,  serine  155,  which  is 
in  the  BH3  domain  necessary  for  dimerization,  was  identified  and 
shown  to  be  phosphorylated  by  PKA  and  RSK,  but  not  Akt  (Datta 
et  al.,  2000;  Lizcano  et  al.,  2000;  Tan  et  al.,  2000;  Virdee  et  al.,  2000; 
Zhou  et  al.,  2000).  When  phosphorylated  at  serine  155,  Bad  is 


unable  to  bind  to  Bcl-xL.  A  number  of  cytoprotective  factors  appear 
to  work  via  cAMP  elevation,  PKA  activation  and  Bad  phosphoryla¬ 
tion  at  serine  155  (Datta  et  al.,  2000;  Lizcano  et  al.,  2000;  Tan  et  al., 
2000;  Virdee  et  al.,  2000;  Zhou  et  al.,  2000). 

We  predicted  that  PKG  may  also  directly  phosphorylate  serine 
155  of  Bad,  based  on  the  similarity  of  the  sequence  surrounding 
this  phosphorylation  site  to  that  of  the  consensus  motif  for  PKG- 
catalyzed  phosphorylation.  PKG  is  known  to  phosphorylate  some 
of  the  same  proteins  as  PKA,  such  as  calcium-regulating  proteins  in 
smooth  muscle  cells  (Butt  et  al.,  1993;  Fiscus,  1988;  Francis  and 
Corbin,  1994;  Hofmann  etal.,  2006;  Lincoln  etal.,  2006  and  CREB  in 
certain  other  cells,  Ciani  et  al.,  2002 ;  Fiscus,  2002 ;  Pilz  and  Casteel, 
2003).  The  present  study  determined  if  PKG  directly  phosphor¬ 
ylates  Bad  at  serine  1 55  using  recombinant  Bad  and  recombinant 
(cGMP-activated)  PKG  in  in  vitro  kinase  assays.  Previous  studies 
from  our  laboratory  had  suggested  that  neural  cells,  including  the 
N1E-115  cell  line,  express  predominantly  the  PKG-Ia  isoform  of 
PKG  (Chan  and  Fiscus,  2003),  and  thus  this  PKG  isoform  was  used  in 
the  in  vitro  experiments  of  the  present  study.  N1E-115  cells  were 
chosen  as  a  model  to  determine  if  endogenous,  naturally  expressed 
PKG-Ia  within  neural  cells  could  regulate  the  phosphorylation 
levels  of  endogenous  Bad  at  serine  155  and  whether  this 
corresponds  to  protection  against  the  onset  of  apoptosis. 

2.  Materials  and  methods 

2.1.  Materials 

The  materials  used  and  their  suppliers  included  recombinant  Bad  and 
recombinant  PKG-Ia  (Millipore,  Billerica,  MA,  USA);  DT-2  (Axorra,  San  Diego,  CA, 
USA);  DT-3  (Calbiochem,  San  Diego,  CA,  USA);  cGMP,  recombinant  PKA  (catalytic 
subunit),  ODQ  (1H-[l,2,4]Oxadiazolo[4,3-a]quinoxalin-l-one),  Triton  X-100  (Sig¬ 
ma,  St.  Louis,  MO,  USA);  8-Br-cGMP  (BioMol,  Plymouth  Meeting,  PA,  USA);  anti- 
PKG-Ia/p,  anti-Bad  (total),  anti-phospho-Bad  (Ser-155)  antibodies  (Cell  Signaling 
Technology,  Beverly,  MA,  USA);  anti-rabbit-CW800  secondary  antibody  (LI-COR, 
Lincoln,  NE,  USA);  DMEM  (ATCC,  Manassas,  VA,  USA);  fetal  bovine  serum  (Gemini 
Biosciences,  Sacramento,  CA,  USA);  1 00  bp  DNA  ladder,  4-12%  Bis-Tris  NuPAGE  gel 
system  and  EZQ protein  Quantitation  Kit  (Invitrogen,  Carlsbad,  CA,  USA);  Caspase  3/ 
7  Glo  assay  (Promega,  Madison,  WI,  USA). 

2.2.  Cell  cultures 

The  N1  E-l  1 5  cells  were  purchased  from  ATCC.  Cells  were  cultured  in  DMEM  with 
4.5  g/L  glucose,  10%  fetal  bovine  serum,  penicillin  (50U/ml)  and  streptomycin 
(50  p-g/ml)  at  37  C  in  a  humidified  atmosphere  containing  5%  C02,  passaged  twice 
weekly  and  used  between  passages  10  and  30.  Cells  were  plated  into  6-well  plates 
and  used  24  h  later  at  a  density  of  80%  confluency  for  in-cell  phosphorylation 
assays.  For  DNA  fragmentation  studies  and  caspase  assays,  1 0,000  cells  were  plated 
in  a  48-  and  96-well  plate,  respectively,  and  used  24  h  later. 

2.3.  In  vitro  phosphorylation  of  recombinant  Bad 

Recombinant  Bad  (1.6  pM)  was  incubated  in  kinase  reaction  buffer  (20  pi)  with 
either  recombinant  PKG-Ia  (0.33  pM)  plus  its  allosteric  activator  cGMP  (10  pM)  or 
recombinant  PKA  (catalytic  subunit)  (0.33  pM)  for  5  min  at  room  temperature. 
Reaction  buffer  contained  20  mM  Tris-HCl,  pH  7.4, 1  mM  ATP,  10  mM  magnesium 
chloride,  and  10  mM  dithiothreitol.  After  5  min,  SDS  gel  loading  buffer  (5  p.1)  was 
added  and  the  solution  was  heated  at  95  “C  for  10  min  before  the  samples  were 
applied  to  NuPAGE  gels  for  Western  blot  analysis. 

2.4.  Cell  lysis  for  determination  of  PKG  protein  expression  and  Bad  phosphorylation 

Cells  were  washed  twice  with  PBS  and  suspended  in  lysis  buffer  (50  mM  Tris-HCl 
pH  6.8, 1 00  mM  DTT,  2%  SDS,  1 0%  glycerol),  which  had  been  pre-heated  to  85  “C.  The 
cell  lysates  were  heated  at  95  C  for  10  min,  vortexed  briefly  to  sheer  DNA  and 
centrifuged  at  1 2,000  x  g  for  1 0  min  at  4  C.  The  amount  of  total  cellular  protein  in 
the  lysates  was  determined  using  EZQ  Protein  Quantitation  Kit. 

2.5.  Determination  of  phosphorylation  of  Bad  in  N IF- 11 5  cells 

For  determination  of  phosphorylation  of  Bad  in  the  N1E-115  cells,  the  cells  were 
treated  with  either  8-Br-cGMP  (0.1  and  1 .0  mM,  2  h)  in  the  absence  of  serum  (serum 
deprivation  was  for  2  h)  or  with  NO/cGMP/PKG-Ia  signaling  inhibitors,  ODQ  (30- 
50  pM,  2  h)  and  DT-2/3  (1.0-10  pM,  24  h),  in  the  presence  of  serum.  Cells  were 
then  immediately  lysed  using  the  fore-mentioned  lysis  buffer  and  samples  were 
assayed  for  phosphorylation  levels  via  western  blot  analysis. 
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2.6.  Traditional  western  blot  analyses 

For  determination  of  in  vitro  phosphorylation  of  Bad,  20  jjlI  of  sample  mixture 
was  added  to  each  well  of  a  4-12%  Bis-Tris  NuPAGE  gel.  For  determination  of  PKG 
protein  levels  and  Bad  phosphorylation  in  cells,  30  pig  of  total  protein  in  lysates  was 
added  to  each  well  of  the  gel.  Proteins  were  separated  at  1 80  V  for  approximately 
1  h  and  directly  transferred  onto  nitrocellulose  membranes  (GE  Healthcare)  using  a 
semi-wet  transfer  system.  To  block  non-specific  binding  sites,  the  membranes  were 
incubated  in  blocking  buffer  (LI-COR)  for  1  h  at  room  temperature.  Anti-PKG-I, 
which  recognizes  both  PKG-Ia  and  PKG-I(3,  was  diluted  1:1000  and  used  as  the 
primary  antibody  for  detection  of  both  PKG-Ia  and  PKG-Ip.  Other  commercially 
available  antibodies  that  are  claimed  to  be  specific  for  each  of  the  two  PKG-I 
isoforms  were  not  used  because  of  their  lack  of  sufficient  specificity.  The 
identification  of  PKG-Ia  versus  PKG-I(3  in  cell  lysates  was  based  on  the  differences 
in  molecular  weights  of  the  two  PKG  isoforms,  and  by  comparison  with 
recombinant  PKG-Ia  and  PI<G-I(3,  which  were  used  as  standards  in  each  western 
blot  analysis.  Antibodies  for  total  Bad  (1:1000)  and  p-Bad-Ser-155  (1:1000)  were 
used  as  primary  antibodies  to  determine  Bad  expression  and  phosphorylation. 
Antibodies  were  exposed  to  the  blots  overnight  at  4°C  in  the  presence  of  0.1% 
Tween-20  in  blocking  buffer.  Blots  were  subsequently  probed  with  infrared- 
fluorescent-labeled,  species-specific  secondary  antibodies  (1:20,000)  and  scanned 
using  the  Odyssey  Infrared  Imager  from  LI-COR. 

2.7.  In  cell  western  blot  analyses 

For  determination  of  in  vitro  phosphorylation  of  Bad,  cells  were  seeded  in  a  tissue 
culture  plate  and  incubated  overnight.  The  following  day,  the  cells  were  treated 
with  different  concentrations  of  ODQ  followed  by  another  overnight  incubation. 
Cells  were  then  fixed  in  37%  formaldehyde  for  20  min  at  4  °C,  then  washed  with  0.1% 
Triton-X  four  times  for  5  min  each  wash  to  permeate  the  cells.  To  block  non-specific 
binding  sites,  the  cells  were  incubated  in  blocking  buffer  (LI-COR)  for  1  h  at  room 
temperature.  An  antibody  for  p-Bad-Ser-155  (1:100)  was  used  as  primary  antibody 
to  determine  the  level  of  Bad  phosphorylation.  The  antibody,  in  the  presence  of  0.1% 
Tween-20  in  blocking  buffer,  was  exposed  to  the  cells  for  2  h.  Cells  were  washed 
four  times  for  5  min  each  wash  in  TBS-T  and  subsequently  probed  with  an  infrared- 
fluorescent-labeled,  species-specific  secondary  antibody  (1:800)  for  1  h  and 
scanned  using  the  Odyssey  Infrared  Imager  from  LI-COR. 

2.8.  Determination  of  apoptosis  (apoptotic  DNA  fragmentation)  using  12-channel 
capillary  electrophoresis  with  light  emitting  diode-induced  fluorescence  detectors  ( 12- 
CE-LED-IF) 

Previously,  our  laboratory  pioneered  the  use  of  capillary  electrophoresis  with 
laser-induced  fluorescence  detection  (CE-LIF)  as  a  highly  quantitative,  ultra-sensitive 
technique  of  measuring  apoptotic  (internucleosomal)  DNA  fragmentation  in  tissue 
and  cell  culture  samples  (Chan  and  Fiscus,  2003;  Cheng  Chew  et  al.,  2003;  Fiscus, 
2002;  Fiscus  et  al.,  2001  a, b,  2002).  This  technique  represents  greater  than  1000-fold 
improvement  in  the  sensitivity  compared  to  the  conventional  agarose  gel  (slab  gel) 
electrophoresis  methodology  for  accessing  apoptotic  DNA  fragmentation  (often 
referred  to  as  “DNA  laddering”).  A  disadvantage  of  using  CE-LIF,  however,  is  the  slow 
throughput,  with  each  sample  requiring  approximately  30  min  for  analysis.  Recently, 
our  laboratory  has  begun  using  a  new  CE  system  with  12  capillaries  in  parallel,  which 
possesses  12  light  emitting  diode-induced  fluorescence  detectors  (12-CE-LED-IF) 
(originally  called  HDA-GT12  Genetic  Analyzer  by  eGene,  Inc.  (Irvine,  CA,  USA),  now 
marketed  by  QIAGEN,  Inc.  (Valencia,  CA,  USA)  and  called  QIAxcel). 

For  12-CE-LED-IF  analysis,  the  NIE-1 15  cells  were  seeded  at  a  density  of  10,000 
cells  per  well  in  48-well  plates  and  incubated  overnight.  The  following  day,  the  cells 
were  treated  with  ODQ (50  piM)  for  24  h.  The  cells  were  then  collected  and  the  DNA 
was  purified  using  a  QIAamp  DNA  Micro  kit  (QIAGEN,  Inc.)  and  then  analyzed  on  the 
QIAxcel  instrument.  Fragment  sizes  were  extrapolated  using  a  DNA  ladder  of  known 
molecular  weight. 
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Fig.  1.  Potential  site  for  PKG-Ia-catalyzed  phosphorylation  of  Bad.  The  common 
consensus  motif  for  PKG-catalyzed  phosphorylation,  X-R/K-R/K-X-S/T-X,  presents 
itself  at  serine  118  (human)  and  serine  155  (mouse)  in  the  amino  acid  sequence  of 
Bad.  The  sequence  around  this  site  is  highly  conserved  in  human  and  mouse  Bad. 


Fig.  2  (panel  A)  shows  that  PKA  (used  as  a  positive  control) 
phosphorylated  the  recombinant  Bad  at  serine  155.  This  confirmed 
that  the  kinase  reaction  conditions  used  in  the  present  study  were 
appropriate  for  showing  in  vitro  phosphorylation  of  Bad  at  serine 
155  by  PKG-Ia.  For  the  in  vitro  experiments  with  PKG,  we  selected 
the  PKG-la  isoform,  because  earlier  studies  from  our  laboratory  had 
shown  that  PKG-Ia  appears  to  be  the  predominant  isoform  of  PKG 
expressed  in  neural  cells  such  as  N1  E-l  1 5  and  NG 1 08-1 5  cells  (Chan 
and  Fiscus,  2003),  both  of  which  display  the  anti-apoptotic/ 
cytoprotective  effects  mediated  by  basal  cGMP/PKG  activity  (Fiscus, 
2002;  Fiscus  et  al.,  2002).  Fig.  2  (panel  B)  demonstrates  that,  under 
the  same  in  vitro  conditions  as  the  PKA-catalyzed  phosphorylation 
of  serine  155  in  Bad,  recombinant  PKG-la  (activated  by  cGMP) 
caused  a  similar  phosphorylation  of  Bad  at  serine  155. 

3.2.  The  PKG-Ia  isoform  is  predominantly  expressed  in 
/VIE- 115  cells 

The  present  study  used  N1E-115  cells  as  a  cell  culture  model 
to  determine  if  endogenous,  naturally  expressed  PKG  can 
phosphorylate  endogenous  Bad  in  intact  living  cells.  Our 
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3.  Results 

3.1.  In  vitro  phosphorylation  of  recombinant  Bad  by  recombinant 
PKG-Ia 

Fig.  1  shows  the  general  consensus  motif  of  PKG-catalyzed 
phosphorylation  of  substrate  proteins  and  the  close  match 
provided  by  the  amino  acid  sequence  around  serine  155  residue 
(serine  155  in  mouse  Bad,  corresponding  to  serine  118  in  human 
Bad).  Other  known  phosphorylation  sites  of  Bad,  such  as  serine  112 
and  serine  136  (discussed  in  Section  1)  as  well  as  more  recently 
identified  sites,  serine  128  (Konishi  et  al.,  2002)  and  serine  170 
(Dramsi  et  al.,  2002),  do  not  have  a  sequence  that  matches  the  PKG 
consensus  motif.  Based  on  this,  we  predicted  that  PKG  may 
phosphorylate  the  serine  155  site  of  Bad. 
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Fig.  2.  Western  blot  analysis  showing  that  PKG-Ia  directly  phosphorylates  Bad  at 
serine  155  (mouse  sequence)  using  in  vitro  experimental  conditions.  (A)  PKA, 
previously  shown  to  phosphorylate  Bad  at  serine  155,  was  used  as  a  positive  control 
to  show  that  the  in  vitro  kinase  reaction  conditions  were  appropriate  for  showing 
phosphorylation  of  Bad  by  PKG-Ia.  (B)  Recombinant  human  PKG-Ia,  fully  activated 
by  the  addition  of  lOpiM  cGMP,  effectively  phosphorylated  Bad  at  serine  155. 
Similar  results  were  obtained  in  three  other  in  vitro  experiments. 
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Fig.  3.  Western  blot  analysis  testing  for  expression  of  the  two  PKG-I  splice  variants, 
PKG-la  and  PKG-Ip,  in  N1E-115  cells.  Each  lane  represents  10  p,g  of  total  cellular 
protein.  The  analysis  reveals  that  N1E-115  cells  express  relatively  high  levels  of 
PKG-I,  which  was  predominantly  the  PKG-la  isoform.  Similar  results  were  obtained 
in  three  other  experiments. 


previous  studies  had  suggested  that  N1E-115  cells  express 
relatively  high  levels  of  PKG,  likely  the  PKG-la  isoform  (Chan 
and  Fiscus,  2003). 

Fig.  3  shows  that  N1E-115  cells,  grown  under  the  culturing 
conditions  of  the  present  study,  indeed  expressed  high  levels  of 
the  PKG-la  isoform  of  PKG,  identified  in  Western  blot  analyses 
using  an  antibody  specific  for  the  C-terminal  region  of  PKG-Ia/P 
(a  region  common  to  both  of  the  PKG-1  splice  variants,  PKG-la 
and  PKG-I  (3).  The  two  PKG-1  isoforms  were  differentiated  based 
on  their  different  migration  patterns  in  the  Western  blots.  PKG- 
la  corresponds  to  a  molecular  weight  of  76.2  kDa,  whereas  PKG- 
1(3  corresponds  to  a  molecular  weight  of  77.8  kDa. 

3.3.  A  direct  PKG-la  activator,  8-Br-cGMP,  stimulates  increased  levels 
of  serine  155  phosphorylation  of  Bad  in  N1E-115  cells 

To  determine  if  intracellular  activation  of  the  endogenous 
naturally  expressed  PKG-la  results  in  phosphorylation  of  endoge¬ 
nous  Bad,  N1E-115  cells  were  exposed  to  8-Br-cGMP,  a  cell- 
permeable  direct  activator  of  PKG-la.  Fig.  4  shows  elevated  levels 
of  Bad  phosphorylation  at  serine  155  following  the  exposure  to  8- 
Br-cGMP  for  2  h.  For  these  experiments,  the  serum  was  removed 
prior  to  adding  the  8-Br-cGMP,  because  serum,  by  itself,  results  in 
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Fig.  4.  Stimulation  of  PKG-la  activity  in  N1E-115  cells  by  exposure  to  8-Br-cGMP 
increases  the  phosphorylation  of  Bad  at  serine  155.  After  removing  serum  from  the 
N1E-115  cells,  the  cells  were  exposed  to  8-Br-cGMP  (either  0.1  mM  or  1  mM)  for 
2  h.  8-Br-cGMP  is  a  cell-permeable  analog  of  cGMP,  which  is  a  potent  direct 
stimulator  of  PKG-la  enzymatic  activity.  Each  lane  of  the  western  blot  represents 
30  |xg  of  total  cellular  protein.  The  8-Br-cGMP  treatment  elevated  serine  155 
phosphorylation  of  Bad  to  levels  equal  to  those  induced  by  exposure  to  serum. 
Similar  results  were  obtained  in  three  other  experiments. 


elevated  levels  of  serine  155  phosphorylation  of  Bad  (see  Figs.  4 
and  6,  panel  A),  which  would  mask  the  8-Br-cGMP-stimulated 
response  in  the  N1E-115  cells. 

3.4.  ODQ,  an  inhibitor  of  NO-induced  activation  of  soluble  guanylyl 
cyclase  and  cGMP  synthesis,  reduces  the  serum-induced 
phosphorylation  of  Bad  at  serine  155  and  causes  apoptosis  in  N1E-115 
cells 

To  further  test  whether  the  cGMP/PKG  signaling  pathway  is 
involved  in  intracellular  phosphorylation  of  Bad  at  serine  155,  the 
N1E-115  cells  were  exposed  to  ODQ,  an  agent  that  blocks  NO- 
induced  activation  of  soluble  guanylyl  cyclase  (see  Fig.  5,  panel  A), 
thus  preventing  the  basal  activation  of  the  cGMP/PKG  signaling 
pathway  mediated  by  endogenous  NO  within  mammalian  cells 
(Fiscus,  2002;  Fiscus  et  al„  2002).  N1E-115  cells  are  known  to 
express  the  neuronal  form  of  NO  synthase  (nNOS)  (Grant  et  al„ 
2002),  which  results  in  endogenous  production  of  NO  and 
elevated  basal  levels  of  cGMP  ( Forstermann  et  al„  1 989 ;  McKinney 
et  al.,  1990).  Using  a  specialized  microelectrode/biosensor 
technique  that  directly  measures  intracellular  cGMP  concentra¬ 
tion,  addition  of  ODQ  to  N1E-115  cells  has  been  shown  to 
dramatically  reduce  the  basal  concentration  of  intracellular  cGMP 
(Trivedi  and  Kramer,  1998),  which  would  lower  basal  activation  of 
PKG-la. 

In  the  present  study,  Fig.  5  (panel  B)  shows  that  ODQ,  at  50  piM, 
increased  the  level  of  apoptotic  DNA  fragmentation  in  N1E-115 
cells,  suggesting  that  the  cGMP/PKG-mediated  phosphorylation  of 
Bad  at  serine  155  is  important  for  preventing  spontaneous  onset  of 
apoptosis  in  these  neural  cells.  Figs.  4  and  6  (panel  A)  show  that  the 
presence  of  serum  elevated  levels  of  serine  155  phosphorylation  of 
Bad  in  N1  E-l  1 5  cells.  Fig.  6  (panel  A)  further  shows  that  addition  of 
ODQ  (30-50  p,M)  blocked  the  serum-induced  elevation  of  serine 
155  phosphorylation  ofBad  in  N1E-115  cells,  assessed  by  Western 
blot  analysis,  suggesting  that  the  endogenous  NO  and  its 
downstream  activation  of  the  cGMP/PKG-Ia  signaling  pathway 
is  involved  in  serum-induced  phosphorylation  ofBad  at  serine  155. 
Fig.  6  (panel  B)  shows  that  addition  of  ODQ  (10-25  p,M)  blocked 
the  serum-induced  elevation  of  serine  155  phosphorylation  ofBad 
in  N1E-115  cells,  assessed  by  in-cell  Westerns,  further  suggesting 
that  the  endogenous  PKG-la  and  its  downstream  activation  of  the 
cGMP/PKG-Ia  signaling  pathway  contributes  to  serum-induced 
phosphorylation  of  Bad  at  serine  155. 

3.5.  Inhibition  of  PKG-la  activity  using  the  direct  inhibitors,  DT-2  and 
DT-3,  also  lowers  serum-induced  phosphorylation  ofBad  at  serine  155 
and  causes  apoptosis  in  N1E-115  cells 

Fig.  7  (panel  A)  shows  that  inhibition  of  PKG-la,  using  two 
cell-permeable  highly  selective  inhibitors  of  PKG-la,  DT-2  and 
DT-3,  reduced  the  serum-induced  phosphorylation  of  Bad  at 
serine  155.  DT-2  and  DT-3  are  known  to  have  1300-  and  20,000- 
fold  specificity,  respectively,  for  inhibiting  PKG-la  activity,  as 
compared  to  inhibiting  PKA  activity,  the  most  closely  related 
protein  kinase  (Dostmann  et  al.,  2000,  2002;  Taylor  et  al.,  2004). 
Thus,  the  present  data  suggest  that  the  endogenous  naturally 
expressed  PKG-la  in  N1E-115  cells  is  directly  responsible  for 
contributing  to  the  serum-induced  phosphorylation  of  Bad  at 
serine  155. 

Fig.  7  (panel  B)  shows  that  DT-2  at  10  p,M  and  DT-3  at  1.0  and 
10  p,M,  the  same  concentrations  of  DT-2  and  DT-3  that  inhibit 
Bad  serine  155  phosphorylation,  significantly  increased  caspase 
3/7  activity  (index  of  apoptosis),  suggesting  that  PKG-Ia- 
catalyzed  phosphorylation  of  Bad  at  serine  155  may  be  needed 
for  protecting  N1E-115  cells  against  spontaneous  induction  of 
apoptosis. 
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Fig.  5.  (A)  A  model  showing  the  proposed  phosphorylation  at  serine  155  by  PKG-Ia,  in  conjunction  with  phosphorylation  at  serines  112  and  136  by  other  important  protein 
kinases  (Akt,  PKA  and  RSK)  leads  to  cytosolic  sequestration  of  Bad  and  subsequent  anti-apoptotic  effects.  (B)  ODQ,  at  50  pM  causes  onset  of  apoptosis  (approximately  4-fold 
increased  level  of  fragmentation),  indicated  by  the  increase  in  apoptotic  fragmentation  of  DNA  in  the  N1E-1 15  cells.  Total  DNA  was  collected  from  cells  following  treatment 
with  ODQ  for  24  h,  purified  on  mini-columns  and  analyzed  in  a  12-channel  capillary  electrophoresis  apparatus  with  light  emitting  diode-induce  fluorescence  detectors 
(allowing  ultra-sensitive  analysis  of  apoptotic  DNA  fragmentation).  Apoptotic  fragments  of  DNA  in  multiples  of  approximately  1 80  base  pairs  were  detected  in  the  apoptotic 
cells.  Fragment  sizes  were  determined  using  a  commercially  available  DNA  ladder. 


4.  Discussion 

Previously,  PKA  was  shown  to  phosphorylate  Bad  at  serine  155, 
both  in  vitro  and  in  intact  cells,  and  to  prevent  the  pro-apoptotic 
effects  of  Bad  in  mammalian  cells  (Datta  et  al.,  2000;  Lizcano  et  al., 
2000;  Tan  et  al.,  2000;  Virdee  et  al.,  2000;  Zhou  et  al.,  2000).  The 
data  of  the  present  study  show  that  PKG-Ia  is  also  capable  of 
effectively  phosphorylating  Bad  at  serine  155,  using  both  in  vitro 
experiments  and  intact-cell  experiments  that  utilized  cultured 
N1E-115  cells.  The  phosphorylation  of  serine  155  of  Bad  is  known 
to  prevent  the  interaction  between  Bad  and  Bcl-xL,  thus  promoting 
cell  survival  (Datta  et  al.,  2000;  Lizcano  et  al.,  2000;  Tan  et  al.,  2000; 
Virdee  et  al.,  2000;  Zhou  et  al.,  2000).  The  previous  studies  had 
shown  that  various  growth/survival  factors  utilize  the  PKA 
pathway  and  the  phosphorylation  of  Bad  at  serine  155  to  induce 
anti-apoptotic/pro-survival  effects  (Datta  et  al.,  2000;  Lizcano 
et  al.,  2000;  Tan  et  al.,  2000;  Virdee  et  al.,  2000;  Zhou  et  al.,  2000).  In 
light  of  the  present  data  showing  that  serum-induced  phosphory¬ 
lation  of  Bad  at  serine  1 55  in  N 1  E-l  1 5  cells  is  inhibited  by  ODQ,  a 
blocker  of  NO-induced  cGMP  synthesis,  and  by  DT-2/DT-3, 
inhibitors  of  PKG-Ia  catalytic  activity,  it  appears  that  the  cGMP/ 
PKG-Ia  signaling  pathway  may  also  play  a  key  role  in  growth/ 
survival-factor-induced  phosphorylation  of  Bad  at  serine  155  and 
the  subsequent  anti-apoptotic/cytoprotective  effects  in  neural 
cells. 

Although  numerous  previous  studies  have  shown  that  the 
cGMP/PKG  signaling  pathway  (at  basal  and  moderately  elevated 


levels)  has  anti-apoptotic/cytoprotective  effects  in  certain  types  of 
mammalian  cells,  notably  neural  cells  (Barger  et  al.,  1995;  Cheng 
Chew  et  al.,  2003;  Chiueh  et  al.,  2003;  Ciani  et  al.,  2002;  Fiscus, 
2002;  Fiscus  et  al.,  2001b,  2002;  Mejia-Garcia  and  Paes-de- 
Carvalho,  2007),  epithelial  cells  (Chan  and  Fiscus,  2003)  and 
leukocytes  (Flamigni  et  al.,  2001 ;  Kolb,  2000),  little  is  known  about 
which  proteins  are  the  immediate  downstream  targets  of  PKG. 
Recently,  three  reports  have  suggested  that  activation  of  the  cGMP / 
PKG  pathway  in  leukemia  cells  (Flamigni  et  al.,  2001),  PC12  cells 
(Ha  et  al.,  2003)  and  insulin-producing  RINm5F  cells  (Tejedo  et  al„ 
2004)  results  in  phosphorylation  of  Bad  and  subsequent  anti- 
apoptotic  effects.  However,  in  all  of  these  cases,  the  Bad 
phosphorylation  (that  was  reported)  occurred  at  serine  136  of 
Bad  and  appeared  to  be  mediated  via  the  cross-activation  of  the 
phosphatidylinositol  3-kinase/Akt  pathway  (not  via  direct  PKG- 
catalyzed  phosphorylation  of  Bad).  Apparently,  Bad  phosphoryla¬ 
tion  at  serine  155  was  not  measured  in  these  previous  reports 
(Flamigni  et  al.,  2001;  Ha  et  al„  2003;  Tejedo  et  al.,  2004). 

Originally,  PKG  was  thought  to  be  expressed  only  in  a  limited 
number  of  cell  types,  such  as  smooth  muscle  cells  of  airways,  blood 
vessels  and  intestines  and  only  the  Purkinje  neurons  of  the  brain 
(Butt  et  al.,  1993;  Fiscus,  2002;  Francis  and  Corbin,  1994;  Hofmann 
et  al.,  2006;  Lincoln  et  al.,  2006).  However,  other  studies  have 
suggested  that  PKG  may  be  more  widely  distributed  in  many 
different  types  of  mammalian  cells,  including  hippocampal 
neurons  of  rat  brain  (Barger  et  al.,  1995)  and  the  cell  lines  C-6 
glioma  cells  and  NG108-15  neuroblastoma-glioma  hybrid  cells 
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Fig.  6.  (A)  ODQ,  an  inhibitor  of  endogenous-NO-induced  cGMP  synthesis,  blocks  the  serum-induced  phosphorylation  of  Bad  at  serine  155  in  N1E-1 15  cells.  N1E-1 15  cells, 
cultured  in  the  presence  of  serum,  were  treated  for  2  h  with  ODQ.  Each  lane  of  the  western  blot  represents  30  pg  of  total  cellular  protein.  ODQ,  in  a  concentration-dependent 
fashion,  prevented  serum-induced  phosphorylation  of  Bad  at  serine  155.  (B)  N1E-115  cells,  cultured  in  the  presence  of  serum,  were  treated  for  24  h  with  ODQ.  Fixed  and 
permeated  cells  were  assessed  by  an  in  cell  western  technique  (Ll-COR).  ODQ,  in  a  concentration-dependent  fashion,  prevented  serum-induced  phosphorylation  of  Bad  at 
serine  155.  Similar  results  were  obtained  in  three  other  experiments. 


(Walter,  1981),  although  the  isoform(s)  of  PKG  expressed  in  these 
cells  was  not  identified.  Previous  studies  from  our  laboratory  have 
shown  that  N1E-115  and  NG108-15  cells  possess  functional 
activity  of  PKG  that  is  essential  for  the  survival  (Fiscus  et  al.,  2002; 
Fiscus,  2002)  of  these  cells  in  culture  and  that  both  of  these  neural 
cell  lines  appear  to  express  predominantly  the  PKG-Ia  isoform. 

The  present  study  confirms  our  previous  suggestion,  showing 
that  N1E-115  cells  express  almost  exclusively  the  PKG-la  isoform. 
Because  basal  intracellular  concentrations  of  cGMP  in  N 1  E-l  1 5  cells 
are  known  to  be  between  0.1  and  1  p,M  (Trivedi  and  Kramer,  1998), 
which  would  cause  a  relatively  high  level  of  basal  activation  of  PKG- 
Ia  (Kact  for  PKG-Ia  activation  by  cGMP  is  approximately  0.1  p,M,  Butt 
et  al.,  1993;  Francis  and  Corbin,  1994;  Hofmann  et  al.,  2006;  Lincoln 
et  al.,  2006),  it  is  likely  that  the  PKG-Ia  in  N1E-1 1 5  cells,  even  under 
normal  culturing  conditions,  would  be  capable  of  continually 
phosphorylating  Bad  at  serine  155  and  mediating  the  anti- 
apoptotic/cytoprotective  effects  of  basal  cGMP  in  N1E-115  cells. 

By  using  in  vitro  kinase  experiments  utilizing  human  recombi¬ 
nant  PKG-Ia  and  recombinant  Bad,  the  present  study  shows  that 
PKG-Ia  directly  phosphorylates  Bad  at  serine  155.  Furthermore, 
using  intact  N1E-115  cells,  the  present  study  suggests  that 
naturally  expressed  PKG-Ia  also  phosphorylates  Bad  at  serine 
155.  This  was  shown  in  experiments  using  8-Br-cGMP,  a  cell- 
permeable  analog  of  cGMP  that  directly  activates  PKG-Ia,  which 


elevates  the  level  of  phosphorylation  of  Bad  at  serine  155. 
Furthermore,  inhibition  of  cGMP  synthesis  with  ODQ,  which  is 
known  to  dramatically  lower  cGMP  levels  in  N1  E-l  1 5  cells  (Trivedi 
and  Kramer,  1998),  decreases  serum-induced  phosphorylation  of 
Bad  at  serine  155  and  causes  onset  of  apoptosis.  Likewise, 
inhibition  of  PKG-Ia  catalytic  activity,  using  the  PKG-I-selective 
inhibitors  DT-2  and  DT-3,  decreases  serum-induced  phosphoryla¬ 
tion  of  Bad  at  serine  155  and  causes  apoptosis  in  N1E-115  cells. 
Thus,  the  present  data  suggest  that  growth/survival  factors  present 
within  serum  require  the  endogenous  catalytic  activity  of  PKG-Ia 
for  phosphorylation  of  Bad  at  serine  155  and  for  continuous 
protection  against  spontaneous  onset  of  apoptosis. 

In  summary,  we  demonstrate  that  PKG-Ia  is  capable  of  directly 
phosphorylating  Bad  at  serine  155,  similar  to  the  phosphorylation 
induced  by  the  established  Bad  serine  155  phosphorylating  kinase, 
PKA.  N1E-115  cells  express  predominantly  the  PKG-Ia  isoform  of 
PKG-I.  Activation  of  this  PKG-Ia,  using  the  cell-permeable  cGMP 
analog  8-Br-cGMP,  elevates  serine  155  phosphorylation  of  Bad  in 
N1E-1 15  cells,  whereas  inhibition  of  NO-sensitive  soluble  guanylyl 
cyclase  with  ODQ,  which  causes  cGMP  depletion,  or  direct  inhibition 
of  PKG-la  with  the  highly  selective  PKG-I  inhibitors  DT-2  and  DT-3 
causes  dramatic  reductions  in  the  levels  of  Bad  phosphorylation  at 
serine  155.  In  fact,  both  ODQ  and  DT-2/DT-3  decreased  the  levels  of 
serine  155  phosphorylation  in  serum-treated  cells  to  the  levels 
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Fig.  7.  DT-2  and  DT-3,  two  highly  selective  inhibitors  of  PKG-Ia,  both  decrease  the 
serum-induced  phosphorylation  of  Bad  at  serine  155  and  induce  onset  of  apoptosis 
in  N1E-115  cells.  (A)  N1E-115  cells  were  treated  with  either  DT-2  or  DT-3  (each  at 
1.0  and  10  |xM)  for  24  h.  Each  lane  of  the  western  blots  represents  30  p.g  of  total 
cellular  protein.  The  western  blots  show  that  the  inhibition  of  endogenous  PKG-Ia 
enzymatic  activity  in  N1E-1 15  cells  reduces  the  serum-induced  phosphorylation  of 
Bad  at  serine  155,  suggesting  dependence  on  PKG-Ia  activity.  (B)  DT-2  and  DT-3  (at 
the  same  concentration)  also  increase  the  levels  of  apoptosis  (indicated  by 
increased  levels  of  caspase  3/7  activity)  in  N1  E-l  1 5  cells.  The  effects  of  DT-2  and  DT- 
3  on  induction  of  apoptosis  were  concentration-dependent  and  corresponded  with 
the  decreases  in  Bad  phosphorylation  at  serine  1 55  following  the  inhibition  of  PKG- 
Ia  activity  (n  =  4).  Similar  results  were  obtained  in  three  other  experiments. 


observed  in  serum-deprived  cells,  suggesting  an  important  role  of 
the  cGMP/PKG-Ict  signaling  pathway  in  mediating  the  serum- 
induced  phosphorylation  of  Bad  at  serine  155.  The  ODQ-  and  DT-2/ 
DT-3-induced  inhibition  of  Bad  phosphorylation  at  serine  155  was 
accompanied  by  induction  of  apoptosis  in  the  N1E-115  cells.  The 
data  of  the  present  study  suggest  that  Bad  is  likely  to  be  an  important 
downstream  substrate  of  PKG-Ia  in  neural  cells,  and  that  the  PKG- 
Ia-catalyzed  phosphorylation  of  Bad  at  serine  1 55  may  contribute  to 
the  anti-apoptotic/pro-survival  effects  mediated  by  the  basal  cGMP / 
PKG-la  activity  in  neural  cells. 
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Protein  Kinase  G  Type  la  Activity  in  Human  Ovarian  Cancer 
Cells  Significantly  Contributes  to  Enhanced  Src  Activation 
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Abstract 

Previously,  we  showed  that  basal  activity  of  nitric  oxide  (NO)/cyclic  GMP  (cGMP)/protein  kinase  G  (PKG) 
signaling  pathway  protects  against  spontaneous  apoptosis  and  confers  resistance  to  cisplatin-induced  apoptosis 
in  human  ovarian  cancer  cells.  The  present  study  determines  whether  basal  PKG  kinase  activity  regulates  Src 
family  kinase  (SFK)  activity  and  proliferation  in  these  cells.  PKG-Ia  was  identified  as  predominant  isoform  in 
both  OV2008  (cisplatin-sensitive,  wild-type  p53)  and  A2780cp  (cisplatin-resistant,  mutated  p53)  ovarian  can¬ 
cer  cells.  In  both  cell  lines,  ODQ  (inhibitor  of  endogenous  NO-induced  cGMP  biosynthesis),  DT-2  (highly 
specific  inhibitor  of  PKG-Ia  kinase  activity),  and  PKG-Ia  knockdown  (using  small  interfering  RNA)  caused 
concentration-dependent  inhibition  of  DNA  synthesis  (assessed  by  bromodeoxyuridine  incorporation),  indicat¬ 
ing  an  important  role  of  basal  cGMP/PKG-Ia  kinase  activity  in  promoting  cell  proliferation.  DNA  synthesis  in 
OV2008  cells  was  dependent  on  SFK  activity,  determined  using  highly  selective  SFK  inhibitor,  4-(4'-phenox- 
yanilino)-6,7-dimethoxyquinazoline  (SKI-1).  Studies  using  DT-2  and  PKG-Ia  small  interfering  RNA  revealed 
that  SFK  activity  was  dependent  on  PKG-Ia  kinase  activity.  Furthermore,  SFK  activity  contributed  to  endog¬ 
enous  tyrosine  phosphorylation  of  PKG-Ia  in  OV2008  and  A2780cp  cells.  In  vitro  coincubation  of  recombi¬ 
nant  human  c-Src  and  PKG-Ia  resulted  in  c-Src-mediated  tyrosine  phosphorylation  of  PKG-Ia  and  enhanced 
c-Src  autophosphorylation/ activation,  suggesting  that  human  c-Src  directly  tyrosine  phosphorylates  PKG-Ia  and 
the  c-Src/PKG-Ia  interaction  enhances  Src  kinase  activity.  Epidermal  growth  factor-induced  stimulation  of  SFK 
activity  in  OV2008  cells  increased  PKG-Ia  kinase  activity  (indicated  by  Ser233  phosphorylation  of  the  PKG 
substrate  vasodilator-stimulated  phosphoprotein),  which  was  blocked  by  both  SKI-1  and  SU6656.  The  data 
suggest  an  important  role  of  Src/PKG-Ia  interaction  in  promoting  DNA  synthesis/cell  proliferation  in  human 
ovarian  cancer  cells.  The  NO/cGMP/PKG-Ia  signaling  pathway  may  provide  a  novel  therapeutic  target  for 
disrupting  ovarian  cancer  cell  proliferation.  Mol  Cancer  Res;  8(4);  578—91.  ©2010  AACR. 


Introduction 

Cyclic  GMP  (cGMP)-dependent  protein  kinase  [protein 
kinase  G  (PKG)] ,  a  widely  expressed  serine/ threonine  kinase 
in  mammalian  cells,  is  recognized  as  the  key  downstream 
protein  kinase  mediating  many  of  the  biological  effects  of 
nitric  oxide  (NO)  and  natriuretic  peptides  in  the  cardiovas¬ 
cular  system  (1-4).  Early  studies  using  isolated  arteries  had 
shown  that  endogenous  kinase  activity  of  PKG  in  vascular 
smooth  muscle  cells  was  significantly  stimulated  by  basal  en¬ 
dogenously  generated  NO,  synthesized  by  nearby  endothelial 
cells,  as  well  as  by  exogenous  NO  generated  by  certain  cardio- 
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vascular  therapeutic  agents,  such  as  sodium  nitroprusside  (5). 
Furthermore,  PKG  activity  in  vascular  smooth  muscle  cells 
was  found  to  be  stimulated  by  atrial  natriuretic  peptide  (also 
called  atriopeptin),  a  heart-derived  hormone  important  for 
regulating  blood  pressure  and  kidney  function  (6). 

More  recent  studies  from  our  laboratory  have  shown  the 
cGMP/PKG  signaling  pathway  plays  another  important  bi¬ 
ological  role  as  an  antiapoptotic  mechanism  that  promotes 
cell  survival  in  many  types  of  mammalian  cells,  including 
hippocampal  neurons  (7),  PC  12  pheochromocytoma  cells 
(8),  neuroblastoma  and  neuroblastoma-glioma  hybrid 
cells  (9-11),  immortalized  uterine  epithelial  cells  (12),  and 
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ovarian  cancer  cells  (13,  14).  We  identified  PKG-la  as  the 
predominant  PKG  isoform  expressed  in  the  neuroblastoma 
and  neuroblastoma-glioma  hybrid  cells,  suggesting  that 
PKG-la  represents  the  key  isoform  of  PKG  mediating  the 
cGMP-stimulated  antiapoptotic  effects  in  these  cells  (10-12). 

In  human  ovarian  cancer  cells,  we  have  found  that  the 
basal  activity  of  the  cGMP/PKG  pathway  is  essential  for 
preventing  spontaneous  apoptosis  (13)  and  that  endoge¬ 
nously  produced  NO,  generated  by  two  NO  synthases 
(NOS),  endothelial  NOS  (also  called  NOS-3)  and  neuro¬ 
nal  NOS  (also  called  NOS-1),  contribute  significantly  to 
the  cisplatin  resistance  phenotype  in  chemoresistant  ovar¬ 
ian  cancer  cells  (14).  Interestingly,  the  chemoresistant  ovar¬ 
ian  cancer  cells  could  be  dramatically  sensitized  to  cisplatin 
by  inhibiting  endogenous  NO  synthesis.  These  data  sug¬ 
gest  that  the  NO/cGMP/PKG  signaling  pathway  plays  a 
key  role  in  protecting  human  ovarian  cancer  cells  against 
both  spontaneous  and  cisplatin-induced  apoptosis.  How¬ 
ever,  it  was  not  clear  whether  the  NO/cGMP/PKG  path¬ 
way  also  regulates  other  biological  functions,  such  as  cell 
proliferation,  in  human  ovarian  cancer  cells. 

In  vascular  smooth  muscle  cells,  our  laboratory  has  shown 
that  basal  kinase  activity  of  PKG  (likely  involving  selectively 
the  PKG-la  isoform)  plays  a  critically  important  role  in  pro¬ 
moting  the  DNA  synthesis  and  cell  proliferation  that  occurs 
under  typical  culturing  conditions  (i.e.,  cells  stimulated  by 
the  mitogenic  effects  of  fetal  serum  growth  factors;  ref.  15). 
This  growth-promoting  effect  of  PKG  is  in  stark  contrast 
to  the  previously  proposed  antiproliferative  effect  of  PKG, 
which  was  based  on  earlier  studies  that  had  shown  a 
growth-inhibitory  role  of  PKG  in  various  types  of  cells,  in¬ 
cluding  vascular  smooth  muscle  cells  (16),  cardiac  fibro¬ 
blasts  (17),  T-cell  lymphocytes  (18),  and  colon  cancer  cells 
(19).  However,  in  all  of  these  cells,  the  growth-inhibitory 
responses  were  initiated  by  either  overexpression  of  PKG 
(especially  the  PKG-I(5  isoform)  or  the  elevation  of  PKG  ac¬ 
tivity  (not  by  basal  PKG  activity)  and  seemed,  in  all  cases,  to 
involve  the  PKG-ip  isoform.  Thus,  there  is  growing  evi¬ 
dence  that  the  different  isoforms  of  PKG  may  be  regulating 
cell  proliferation  in  very  different  ways,  with  PKG-la  kinase 
activity  (especially  at  basal  levels)  promoting  cell  prolifera¬ 
tion,  whereas  PKG-ip  kinase  activity  (when  hyperactivated 
or  when  PKG-ip  is  overexpressed)  inhibiting  cell  prolifera¬ 
tion  (15).  The  present  study  determines  if  and  how  the  basal 
kinase  activity  of  PKG  (specifically  PKG-la)  regulates  DNA 
syn thesis/ cell  proliferation  in  human  ovarian  cancer  cells. 

Src  (or  c-Src)  and  other  members  of  the  Src  family  kinases 
(SFK)  of  nonreceptor  tyrosine  kinases  are  thought  to  play 
an  important  role  in  growth  factor-induced  DNA  synthesis 
and  cell  proliferation  in  both  normal  and  transformed 
mammalian  cells,  including  the  mitogenic  responses  stimu¬ 
lated  by  epidermal  growth  factor  (EGF;  refs.  20-22).  Src  is 
overexpressed  and/or  aberrantly  activated  in  a  variety  of 
cancer  cells,  including  human  ovarian  cancer  cells  (22). 
Src  overexpression  is  especially  noticeable  in  late-stage  hu¬ 
man  ovarian  cancer,  suggesting  that  Src  kinase  activity  may 
contribute  to  ovarian  cancer  progression  (23).  In  lung  can¬ 
cer  cells,  Src,  via  its  tyrosine  kinase  activity,  is  known  to  cat¬ 


alyze  the  tyrosine  phosphorylation  of  the  EGF  receptor 
(EGFR),  thereby  enhancing  EGFR  downstream  mitotic 
signaling,  including  mitogen-activated  protein  kinase  sig¬ 
naling,  resulting  in  enhanced  cell  proliferation  (21,  24). 

In  the  present  study,  we  have  determined  if  basal  PKG  ki¬ 
nase  activity  regulates  DNA  synthesis  in  human  ovarian  can¬ 
cer  cells  and  if  an  interaction  between  PKG  and  Src  plays  a 
role  in  this  response.  To  assess  endogenous  PKG  activity  in 
the  ovarian  cancer  cells,  phosphorylation  of  vasodilator- 
stimulated  phosphoprotein  (VASP)  at  Ser239  was  used. 
VASP,  an  actin-binding  protein  involved  in  focal  adhesion, 
is  a  PKG  downstream  substrate  that  is  directly  phosphory- 
lated  at  Ser239  by  PKG  in  mammalian  cells,  providing  a  use¬ 
ful  indicator  of  endogenous  PKG  kinase  activity  (25-27). 
The  present  study  shows  that  OV2008  (chemosensitive, 
with  wild-type  p53)  and  A2780cp  (chemoresistant,  with 
mutated  p53)  human  ovarian  cancer  cells  express  predomi¬ 
nantly  the  PKG-la  isoform  and  that  PKG-la  kinase  activity 
contributes  significantly  to  promoting  DNA  synthesis  in 
both  cell  lines.  Our  findings  also  suggest  that  PKG-la  inter¬ 
acts  with  Src  (or  related  SFK)  in  a  way  that  enhances  both 
SFK  activity  (assessed  by  autophosphorylation)  and  PKG- 
la  kinase  activity  (assessed  by  VASP  phosphorylation  at 
Ser239)  and  that  both  contribute  to  enhanced  DNA  synthe¬ 
sis  in  ovarian  cancer  cells.  We  also  found  that  EGF-induced 
stimulation  of  SFK  activity  and  DNA  synthesis  is  dependent 
on  PKG-la  kinase  activity  in  these  cells.  Thus,  the  data  sug¬ 
gest  that  PKG-la  plays  an  important  role  in  promoting  SFK 
activity  and  DNA  synthesis  in  human  ovarian  cancer  cells. 

Materials  and  Methods 

Culture  of  Ovarian  Cancer  Cells 

Two  established  human  epithelial  ovarian  cancer  cell 
lines,  OV2008  and  A2780cp,  were  used  in  this  study  (pro¬ 
vided  by  the  laboratory  of  Dr.  Benjamin  Tsang).  OV2008 
cells  are  cisplatin  sensitive  and  A2780cp  cells  are  cisplatin 
resistant  (13,  14,  28).  Both  cell  lines  were  derived  from 
ovarian  cystoadenocarcinoma  patients  without  prior  che¬ 
motherapy;  the  OV2008  cells  have  wild-type  TP53, 
whereas  the  A2780cp  cells  harbor  a  TP53  mutation,  as  de¬ 
termined  by  direct  sequencing  (28).  The  cell  lines  were 
cultured  at  37°C  in  an  atmosphere  of  5%  C02/95%  air. 
OV2008  cells  were  maintained  in  RPMI  1640,  whereas 
A2780cp  cells  were  maintained  in  DMEM.  All  media  were 
supplemented  with  fetal  bovine  serum  (10%),  streptomy¬ 
cin  (50  |ig/mL),  penicillin  (50  units/mL),  and  nonessential 
amino  acids  (1%;  Life  Technologies).  Cells  were  plated  for 
16  to  18  h  before  experimental  treatments  at  a  density  of 
5  x  104/cm2  in  six-well  plates  and  kept  at  <85%  confluent 
at  the  time  of  treatment  with  human  recombinant  EGF 
(Invitrogen)  and/or  the  pharmacologic  inhibitors. 

Pharmacologic  Inhibitors  and  Small  Interfering  RNA 
Gene  Knockdown 

ODQ  ( 1 H- [  1 ,2,4]oxadiazolo [4, 3 -a] quinoxalin- 1  -one) 
and  Src  kinase  inhibitor  I  (SKI-1;  4-(4'-phenoxyanili- 
no)-6,7-dimethoxyquinazoline)  were  purchased  from 
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Calbiochem.  DT-2  was  purchased  from  Biolog.  SU6656 
was  purchased  from  Sigma. 

For  small  interfering  RNA  (siRNA)— mediated  silencing 
of  gene  expression,  cells  were  transfected  with  50  and  100 
nmol/L  of  Stealth  RNAi  (siRNA,  5'-GAGGAAGA- 
CUUUGCCAAGAUUCUCA-3 ')  for  specifically  targeting 
the  expression  of  PKG-Io!  (Invitrogen).  Transfection  of  the 
human  ovarian  cancer  cells  was  conducted  using  RNAi- 
MAX  (Invitrogen).  Nonsilencing  siRNA  (Invitrogen)  was 
used  as  the  negative  control.  At  72  h  after  transfection, 
the  culture  medium  was  changed  and  fresh  medium  was 
supplied.  The  cells  were  used  in  experiments  16  h  later. 

Determination  of  Cell  Proliferation  Rates 

DNA  synthesis/cell  proliferation  rates  were  determined 
by  measuring  the  rate  of  bromodeoxyuridine  incorporation 
into  DNA  over  a  3-h  incubation  using  an  ELISA  kit 
(Roche).  Most  experiments  were  conducted  using  10%  fe¬ 
tal  bovine  serum  to  stimulate  basal  cell  proliferation.  For 
the  EGF  stimulation  experiments,  cells  were  first  starved 
in  serum-free  medium  for  24  h.  The  extraction  and  assay 
procedures  were  as  recommended  by  the  manufacturer. 

Determination  of  Cellular  SFK  Activity 

Relative  levels  of  SFK  phosphorylation  at  the  autopho¬ 
sphorylation/activation  site  (equivalent  to  Tyr416  phosphory¬ 
lation  in  v-Src)  were  determined  by  ELISA  (Roche)  and 
Western  blot  analysis.  In  both  types  of  analysis,  the  antibody 
that  was  used  recognizes  the  phosphorylated  form  of  Tyr416  of 
activated  v-Src  as  well  as  the  equivalent  autophosphorylation/ 
activation  sites  in  activated  c-Src  and  other  activated  SFKs. 
The  ELISA  technique  used  a  cell-based  ELISA  that  directly 
measures  protein  phosphorylation  in  cultured  cells.  The  kits 
included  anti-Src  and  anti-phospho-Tyr416-Src  antibodies  for 
colorimetric  quantification,  and  the  amount  of  phospho-Src 
protein  was  normalized  against  the  amount  of  total  Src 
protein.  Western  blot  analysis  of  SrcTyr416  phosphoryla¬ 
tion  is  described  below.  In  some  experiments,  human 
EGF  (Invitrogen)  at  10  and  50  ng/mL  was  added  to  the  cells 
for  30  min  to  stimulate  autophosphorylation  of  Src/SFKs. 

Protein  Extraction  and  Western  Blotting  Using  IR 
Imaging 

Cells  were  lysed  in  85°C  hot  1  x  SDS  lysis  buffer  [50  mmol/L 
Tris-HCl  (pH  6.8),  2%  SDS,  10  mmol/L  DTT,  and  10%  glyc¬ 
erol],  The  supernatant  fractions  were  collected  by  centrifuga¬ 
tion  (15,000  x  g;  10  min).  The  total  amount  of  protein  in 
the  lysates  was  calculated  from  the  fluorescence-based  protein 
quantitation  kit  EZQ  (Molecular  Probes).  The  amount  of  total 
protein  loaded  on  the  gels  for  PKG-Iot/PKG-I(3  determination 
was  20  |ig  for  mouse  aorta  and  MSTO-2 1 1 H  mesothelioma 
cells  and  80  |ig  for  ovarian  cancer  cells.  For  the  determination 
of  other  proteins,  50  |ig  of  total  protein  were  used.  Proteins 
were  separated  on  4%  to  12%  polyacrylamide  NuPage  gels 
(Invitrogen)  and  then  transferred  to  nitrocellulose  membranes. 
Membranes  were  blocked  (room  temperature,  1  h)  with  block¬ 
ing  buffer  (Rockland  Immunochemicals)  and  then  incubated 
at  4°C  overnight  with  primary  anti-bodies  [PKG-Ia/p 


(1:1,000),  phospho-Tyr4l6-Src  (1:1,000),  total  Src  (1:2,000), 
anti-tyrosine  phosphorylation  antibody  (PY20;  1:1,000), 
phospho-Tyr  45-EGFR  (1:1,000),  total  EGFR  (1:1,000), 
phospho-Ser23')-VASP  (1:500),  total  VASP  (1:1,000;  all  from 
Cell  Signaling  Technology),  and  glyceraldehyde-3-phosphate 
dehydrogenase  (1:2,500;  Santa  Cruz  Biotechnology)]  and 
subsequently  with  secondary  antibodies  labeled  with  IR 
dyes  (1:25,000  in  blocking  buffer;  room  temperature  for 
1  h;  LI-COR  Biosciences).  The  membranes  were  scanned 
on  the  Odyssey  IR  imaging  system  (LI-COR  Biosciences). 

Immunoprecipitation  of  PKG  in  Ovarian  Cancer  Cells 

Cells  were  lysed  in  0.5  mL  ice-cold  radioimmunoprecipita- 
tion  assay  buffer  [with  freshly  added  protease  and  phosphatase 
inhibitors,  phenylmethylsulfonyl  fluoride  (1  mmol/L),  apro- 
tonin  (10  g/L),  and  Na3V04  (1  mmol/L)]  for  10  min  on  ice 
followed  by  centrifugation  at  10,000  x  g  for  10  min.  Super¬ 
natant  fractions  were  transferred  to  new  tubes.  Primary  anti- 
PKG-Ia/p  antibody  (1:100;  Cell  Signaling  Technology)  was 
added  to  the  cell  lysates  with  gende  shaking  overnight  at  4°C. 
Protein  G-Sepharose  (40  pL;  Invitrogen)  was  then  added  and 
suspensions  were  incubated  overnight  at  4°C.  Immunopreci- 
pitates  were  collected  by  centrifugation  at  ~  1,000  x  g  for 
5  min,  and  pellets  were  washed  thrice  with  0.5  mL  radioim- 
munoprecipitation  assay  buffer.  Pellets  were  resuspended  in 
1  x  SDS  buffer  and  analyzed  by  Western  blot  using  anti-tyro- 
sine  phosphorylation  antibody  (PY20)  and  anti-PKG-Ia/p 
antibody  (Cell  Signaling  Technology). 

In  vitro  Phosphorylation  Reaction  of  Recombinant 
Human  PKG-Ia  and  Recombinant  Human  c-Src 

Interactions  between  recombinant  human  PKG-Ia  and 
recombinant  human  c-Src  (both  from  Calbiochem)  were 
determined  using  in  vitro  experiments.  The  recombinant 
PKG-Ia  (75  ng)  was  incubated  with  the  recombinant  c- 
Src  (10  ng)  in  a  kinase  reaction  buffer  containing  Tris  buffer 
(50  mmol/L),  MgCL  (0.1  mol/L),  bovine  serum  albumin 
(10  mg/mL),  and  ATP  (1  mmol/L)  at  30°C  for  10  min.  The 
recombinant  PKG-Ia  alone  group  and  the  recombinant  c- 
Src  alone  group  were  done  in  the  same  way.  To  show  de¬ 
phosphorylation  of  PKG-Ia,  protein  tyrosine  phosphatases 
(Millipore)  were  also  included  as  a  group.  The  samples  were 
analyzed  by  Western  blot  analysis  using  the  anti-tyrosine 
phosphorylation  (PY20)  antibody  (Cell  Signaling  Technol- 
ogy).  A  similar  in  vitro  procedure  was  used  for  determining 
if  the  autophosphorylation/activation  of  recombinant  hu¬ 
man  c-Src  is  affected  by  coincubation  with  recombinant 
human  PKG-Ia.  The  samples  were  analyzed  by  Western 
blot  using  anti-phospho-Tyr4l6-Src  antibody  and  anti¬ 
total  Src  antibody  (Cell  Signaling  Technology). 

Statistical  Analysis 

Results  are  expressed  as  the  mean  ±  SE  of  at  least  four 
independent  experiments.  Statistical  analysis  was  done  by 
one-  or  two-way  AN OVA  using  GraphPad  (Prism  Software). 
Bartlett's  tests  were  used  to  establish  the  homogeneity  of  var¬ 
iance  on  the  basis  of  the  differences  among  SDs.  Differences 
between  experimental  groups  were  determined  by  the 
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Bonferroni  multiple  comparison  test.  A  value  of  P  <  0.05 
was  considered  to  be  significant. 

Results 

Inhibition  of  cGMP  Biosynthesis  Using  ODQ 
Decreases  Both  DNA  Synthesis  and  Endogenous  Kinase 
Activity  of  PKG  (Phosphorylation  of  VASP  at  Ser239)  in 
Both  Chemosensitive  (OV2008)  and  Chemoresistant 
(A2780cp)  Human  Ovarian  Cancer  Cells 
Previous  studies  from  our  laboratory  have  shown  that 
ODQ,  an  agent  that  selectively  inhibits  endogenous 


FIGURE  1.  ODQ-induced  inhibition  of  endogenous  NO-stimulated  sGC 
activity  lowers  endogenous  PKG  kinase  activity  (Ser239  phosphorylation 
of  VASP)  and  DNA  synthesis  in  both  OV2008  and  A2780cp  cells. 

Both  OV2008  cells  (A),  possessing  wild-type  p53,  and  A2780cp  cells  (B), 
possessing  mutated  p53,  show  dramatic  reduction  in  the  DNA  synthesis 
rate  and  VASP  phosphorylation  at  Ser239  (Western  blot  analysis) 
following  exposure  to  ODQ,  a  selective  inhibitor  of  the  endogenous 
NO-stimulated  sGC.  The  Western  blots  are  representative  of  four 
experiments.  Columns,  mean  of  data  from  four  experiments;  bars,  SEM. 
***,  P  <  0.001 ,  compared  with  the  control.  BrdUrd,  bromodeoxyuridine. 


NO-induced  activation  of  soluble  guanylyl  cyclase 
(sGC),  significantly  reduces  the  basal  cGMP  levels  in  hu¬ 
man  ovarian  cancer  cells  to  approximately  two  third,  one 
third,  and  one  forth  of  control  levels  when  ODQ  is  used  at 
10,  50,  and  100  pmol/L,  respectively,  and  this  results  in 
concentration-dependent  increases  in  both  p53  protein  le¬ 
vels  and  apoptosis  (13).  Coadministration  of  a  cell-perme¬ 
able  analogue  of  cGMP  (8-bromo-cGMP,  a  direct  activator 
of  PKG)  prevented  the  ODQ-induced  p53  elevation  and 
apoptosis,  suggesting  that  ODQ-induced  elevation  of  p53 
and  apoptosis  in  ovarian  cancer  cells  was  a  consequence  of 
the  decrease  in  basal  PKG  kinase  activity.  These  findings 
highlighted  an  important  biological  role  of  basal  PKG  ki¬ 
nase  activity  in  preventing  apoptosis  in  ovarian  cancer  cells. 

In  Fig.  1  of  the  present  study,  we  have  determined  if 
ODQ-induced  inhibition  of  cGMP  biosynthesis  affects 
the  endogenous  PKG  kinase  activity  (assessed  by  VASP 
phosphorylation  at  Ser239)  and  the  rate  of  DNA  synthe¬ 
sis/cell  proliferation  in  two  ovarian  cancer  cell  lines, 
OV2008  and  A2780cp  cells.  OV2008  cells  are  sensitive 
to  cisplatin-induced  apoptosis  and  possess  wild-type 
p53,  whereas  A2780cp  cells  are  resistant  to  cisplatin- 
induced  apoptosis  and  possess  mutated  p53  (13,  14,  28). 
In  Fig.  1A,  we  show  that  ODQ  caused  concentration- 
dependent  reduction  in  the  rate  of  DNA  synthesis  in 
OV2008  cells,  with  significant  decreases  noted  at  50 
and  100  pmol/L  ODQ.  Western  blot  analysis  showed 
that  VASP  phosphorylation  at  Ser239  was  also  decreased 
in  response  to  ODQ  at  50  and  100  pmol/L,  suggesting 
that  there  was  substantial  downregulation  of  the  basal 
PKG  kinase  activity  caused  by  treatment  with  ODQ. 
This  inhibition  of  basal  PKG  kinase  activity  by  ODQ 
corresponded,  in  a  concentration-dependent  manner,  to 
the  decreases  in  DNA  synthesis.  Figure  IB  shows  that 
inhibition  of  cGMP  biosynthesis  with  ODQ  resulted 
in  similar  responses  in  the  p53-mutated,  chemoresistant 
A2780cp  cells,  suggesting  that  the  ability  of  ODQ 
to  inhibit  both  PKG  kinase  activity  and  DNA  synthe¬ 
sis  in  the  ovarian  cancer  cells  is  independent  of  p53 
mutation. 

OV2008  and  A2780cp  Human  Ovarian  Cancer  Cells 
Express  Predominantly  the  PKG-la  Isoform  and  the 
Inhibition  of  the  Endogenous  PKG-la  Kinase  Activity 
Decreases  DNA  Synthesis 

Figure  2A  shows  the  results  of  Western  blot  analysis  de¬ 
termining  the  expression  of  the  PKG-I  isoforms  in 
OV2008  and  A2780cp  cells.  For  positive  controls,  mouse 
aorta  (expressing  predominately  PKG-la)  and  the  MSTO- 
21 1H  mesothelioma  cell  line  (expressing  both  PKG-la 
and  PKG-ip)  were  included.  Recombinant  human  PKG- 
la  and  PKG-ip  were  also  used  as  positive  controls.  The 
primary  antibody  recognized  the  COOH-terminal  region 
of  PKG-I,  which  is  common  for  both  of  the  PKG-I  splice 
variants  PKG-la  and  PKG-ip.  A  single  band,  corresponding 
to  PKG-la,  was  observed  for  both  ovarian  cancer  cell  lines, 
whereas  two  bands,  corresponding  to  PKG-la  and  PKG-ip, 
were  observed  for  MSTO-21 1H  cells.  To  our  knowledge, 
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this  represents  the  first  report  of  PKG  expression  in  these 
three  cancer  cell  lines. 

Figure  2B  shows  the  effects  of  inhibiting  PKG-Ia  kinase 
activity  (using  DT-2)  on  the  DNA  synthesis  in  OV2008 
cells.  DT-2  is  a  peptide  inhibitor  of  PKG-Ia  kinase  activity 
that  is  cell  permeable  in  mammalian  cells  (because  of  the 
inclusion  of  a  membrane  translocation  sequence),  has  ex¬ 
ceptionally  high  specificity  (1,300-fold  specificity  for  PKG- 
Ia/p  over  a  closely  related  protein  kinase,  protein  kinase 
A),  and  has  high  potency  (IC50  value  of  12.5  nmol/L  for 
inhibiting  the  kinase  activity  of  purified  PKG-Ia  under 
in  vitro  conditions;  refs.  29-31).  However,  when  used  in 
intact  mammalian  cells,  DT-2  has  a  considerably  higher 
IC50  value  of  3.7  |imol/L  for  inhibiting  endogenous  (intra¬ 
cellular)  PKG  kinase  activity,  with  the  PKG  kinase-inhibi¬ 
tory  effects  beginning  at  a  threshold  concentration  of 
2  |imol/L  and  reaching  maximal  inhibitory  effects  at 
10  pmol/L  DT-2  when  used  in  vascular  smooth  muscle 
cells  (31).  In  the  present  study,  Fig.  2B  shows  that  DT-2 
caused  a  concentration-dependent  inhibition  of  DNA  syn¬ 


thesis  and  VASP  Ser239  phosphorylation  in  OV2008  cells 
(with  inhibitory  effects  occurring  at  concentrations  of 
DT-2  similar  to  those  found  to  be  effective  in  vascular 
smooth  muscle  cells).  The  data  suggest  a  key  role  of  basal 
PKG-Ia  kinase  activity  in  promoting  DNA  synthesis  in 
the  chemosensitive  ovarian  cancer  cell  line. 

Figure  3  shows  that  DT-2  also  inhibits  the  DNA  synthe¬ 
sis  and  endogenous  VASP  Ser239  phosphorylation  in  the 
chemoresistant,  p53-mutated  A2780cp  cells.  The  data  sug¬ 
gest  that  the  effects  of  basal  PKG-Ia  kinase  activity  on  pro¬ 
moting  DNA  synthesis  in  human  ovarian  cancer  cells  may 
be  independent  of  p53  mutational  status  and  whether  the 
cells  are  resistant  to  cisplatin. 

Both  Basal  and  EGF-Induced  Stimulation  of  SFK 
Activity  Are  Dependent  on  PKG-Ia  Kinase  Activity  in 
OV2008  Cells 

Figure  4A  shows  that  inhibition  of  endogenous  basal  PKG- 
Ia  kinase  activity  using  DT-2  significandy  lowers  the  SFK  ac¬ 
tivity  in  OV2008  cells,  assessed  by  the  autophosphorylation 
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FIGURE  2.  Both  OV2008  and  A2780cp  cells 
express  predominantly  the  PKG-Ia  isoform  and 
the  inhibition  of  the  PKG-Ia  kinase  activity 
reduces  VASP  Ser239  phosphorylation  and  DNA 
synthesis  rate  in  OV2008  cells.  A,  Western  blot 
analysis  showing  predominant  expression  of 
the  PKG-Ia  isoform  in  the  two  human  ovarian 
cancer  cell  lines  (OV2008  and  A2780cp  cells). 
The  MSTO-21 1 H  mesothelioma  cells,  which 
express  high  levels  of  both  PKG-Ia  and  PKG-I(3, 
were  used  as  a  positive  control.  Mouse  aorta, 
which  expresses  predominantly  PKG-Ia,  was 
also  used  as  a  positive  control.  Recombinant 
PKG-Ia  (molecular  weight  =  76.2  kDa)  and 
PKG-I(3  (molecular  weight  =  77.8  kDa)  were  also 
loaded  as  positive  controls/molecular  weight 
markers.  The  Western  blot  conditions  were 
optimized  for  effectively  separating  the  two 
isoforms  of  PKG-I.  B,  inhibition  of  basal  PKG-Ia 
kinase  activity,  using  the  highly  selective 
inhibitor  DT-2,  reduced  VASP  phosphorylation 
(Western  blot)  and  the  DNA  synthesis  rate 
(graph)  in  OV2008  cells.  The  Western  blots  in 
A  and  B  are  representative  of  four  experiments. 
Columns,  mean  of  data  from  four  experiments; 
bars,  SEM.  *,  P  <  0.05,  compared  with  the 
control. 
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FIGURE  3.  Inhibition  of  basal  PKG-la  kinase 
activity  in  A2780cp  cells  using  DT-2  lowers 
VASP  Ser239  phosphorylation  (indicator  of 
endogenous  kinase  activity  of  PKG-la)  and 
DNA  synthesis.  The  Western  blot  is 
representative  of  four  experiments.  Columns, 
mean  of  data  from  four  experiments;  bars,  SEM. 
*,  P  <  0.05,  compared  with  the  control. 


Chemoresistant,  p53-mutated  A2780cp  cells 
DT-2  (umol/L):  0  0.0025  0.025  0.25  2.5  25 


of  the  activation  site  (the  SFK  equivalent  of  Tyr416  in 
v-Src)  using  both  Western  blot  analysis  and  ELISA 
(graph).  The  data  suggest  that  basal  PKG-la  kinase  activ¬ 
ity,  under  normal  growing  conditions  of  ovarian  cancer 
cells,  promotes  SFK  activity.  Figure  4B  further  shows  that 
the  DT-2-induced  inhibition  of  SFK  activity  corresponds 
to  the  inhibition  of  basal  PKG-la  kinase  activity  (assessed 
by  phosphorylation  of  VASP  at  Ser239)  and  that  EGF- 
induced  stimulation  of  SFK  activity  is  also  dramatically 
inhibited  by  DT-2.  Furthermore,  EGF-induced  stimu¬ 
lation  of  DNA  synthesis  in  the  OV2008  cells  was  com¬ 
pletely  inhibited  by  DT-2.  The  data  suggest  that  the 
stimulatory  effects  of  EGF  on  SFK  activity  and  cell  pro¬ 
liferation  in  ovarian  cancer  cells  are  dependent  on  PKG- 
la  kinase  activity. 

Gene  Knockdown  of  PKG-la  Expression  Using  siRNA 
Decreases  Both  SFK  Activity  and  DNA  Synthesis  in 
Both  OV2008  and  A2780cp  Human  Ovarian 
Cancer  Cells 

Figure  5  shows  the  effects  of  silencing  the  expression  of 
PKG-la  by  transfecting  the  cells  with  PKG-la— specific 
siRNA  in  OV2008  cells  (Fig.  4A)  and  A2780cp  cells 
(Fig.  4B).  Western  blot  analysis  shows  that  PKG-la  expres¬ 
sion  (at  the  protein  level)  was  partially  and  almost  com¬ 
pletely  knocked  down  when  using  PKG-la  siRNA 
constructs  at  50  and  100  nmol/L,  respectively.  The  knock¬ 
down  of  PKG-la  expression  corresponded  to  decreases  in 


both  SFK  activity  (autophosphorylation  of  SFKs  at  the 
equivalent  of  Tyr  16)  and  DNA  synthesis  rate  in  both  ovar¬ 
ian  cancer  cell  lines.  Thus,  these  data,  using  a  gene  knock¬ 
down  approach,  confirm  the  data  using  pharmacologic 
inhibitors  (ODQ  and  DT-2)  shown  above,  indicating  that 
basal  PKG-la  plays  an  important  role  in  promoting  SFK 
activity  and  DNA  synthesis  in  human  ovarian  cancer  cells. 

SKI-1  Inhibits  Basal  and  EGF-Stimulated  SFK  Activity, 
PKG-la  Kinase  Activity  (VASP  Ser239  Phosphorylation), 
and  DNA  Synthesis  in  OV2008  Human  Ovarian 
Cancer  Cells 

EGF,  via  activation  of  EGFR,  is  thought  to  play  an  im¬ 
portant  role  in  stimulating  ovarian  cancer  cell  proliferation 
(32,  33).  The  activation  of  EGFR  by  EGF  is  known  to 
stimulate  the  SFK  signaling  pathway,  leading  to  enhanced 
cell  proliferation  in  various  types  of  cancer  cells  (21,  22). 
To  assess  the  effects  of  EGF  on  SFK  activity  in  the  ova¬ 
rian  cancer  cells  of  the  present  study,  we  determined  the 
time  course  and  concentration-response  relationship  of 
EGF-induced  stimulation  of  SFK  activity  (autophosphory¬ 
lation  of  SFBCs  at  the  equivalent  of  Tyr416)  in  OV2008  cells. 
Figure  6  shows  the  results  of  these  experiments,  confirm¬ 
ing  that  EGF  causes  both  time-dependent  (Fig.  6A)  and 
concentration-dependent  (Fig.  6B)  stimulation  of  SFK 
activity  in  these  cells.  Figure  6B  also  shows  that  EGF 
stimulates  Ser~3  ’  phosphorylation  of  VASP,  which  indi¬ 
cates  that  EGF  not  only  stimulates  SFK  activity  but  also 
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enhances  the  endogenous  kinase  activity  of  PKG-Ia  in 
the  ovarian  cancer  cells. 

Figure  6C  shows  the  effects  of  SU6656,  a  selective  SFK 
inhibitor,  on  the  EGF-induced  stimulation  of  SFK  and 
PKG-Ia  activities  in  OV2008  cells.  SU6656,  an  ATP-com- 
petitive  inhibitor  of  SFKs,  has  been  shown  to  inhibit  SFK 
activity  in  murine  embryonic  stem  cells  when  used  at  4  and 
8  (imol/L  (34).  In  the  present  study,  preincubation  with 
SU6656  at  1  and  5  pmol/L  suppressed  the  stimulatory  ef¬ 
fects  of  EGF  on  SFK  activity  (autophosphorylation  at  site 
equivalent  to  Tyr416)  and  Tyr843  phosphorylation  of  EGFR 
(site  phosphorylated  by  activated  Src)  in  the  OV2008  cells. 
Interestingly,  SU6656  also  prevented  the  EGF-induced 
stimulation  of  VASP  phosphorylation  at  Ser239,  indicating 
that  the  stimulation  of  PKG-Iot  activity  by  EGF  in  ovarian 
cancer  cells  requires  the  presence  of  SFK  activity. 

Figure  7  shows  the  effects  of  SKI-1,  a  recently  de¬ 
veloped  highly  selective  SFK  inhibitor,  on  basal  and 
EGF-stimulated  SFK  activities  and  DNA  synthesis  in 


OV2008  human  ovarian  cancer  cells.  SKI-1  derives  its  su¬ 
perior  selectivity  by  being  able  to  block  both  the  ATP- 
binding  site  and  the  peptide/protein  substrate-binding 
site  of  Src  and  several  closely  related  SFKs  (35).  The  spec¬ 
ificity  of  SKI-1  as  an  inhibitor  of  Src  kinase  activity  in 
mammalian  cells  has  been  validated  in  experiments  using 
specific  Src  siRNA  gene  knockdown  (21).  Conventional 
Src/SFK  inhibitors,  such  as  dasatinib  and  PP1,  typically 
block  only  the  ATP-binding  site  of  Src/SFKs  and  conse¬ 
quently  have  nonspecific  inhibitory  effects,  resulting  in 
the  inhibition  of  various  other  protein  kinases,  such  as 
EGFR,  platelet-derived  growth  factor  receptor,  Kit,  and 
Abl  (35,  36).  The  IC50  value  of  SKI-1  was  reported  to 
be  44  nmol/L  under  in  vitro  condition  using  purified 
Src  (35).  However,  when  using  SKI-1  to  inhibit  endoge¬ 
nous  Src  kinase  activity  in  intact  mammalian  cells,  consid¬ 
erably  higher  concentrations  are  needed.  For  example,  the 
successful  inhibition  of  endogenous  (intracellular)  Src 
kinase  activity  required  using  SKI-1  in  a  concentration 
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FIGURE  4.  Inhibition  of  endogenous  basal  PKG-Ia  activity  using  DT-2  in  OV2008  ovarian  cancer  cells  reduces  the  basal  level  of  autophosphorylation  of 
endogenous  SFKs  and  completely  inhibits  EGF-induced  stimulation  of  SFK  autophosphorylation  and  DNA  synthesis.  A,  the  PKG-Ia  kinase  inhibitor 
DT-2  dramatically  lowered  the  basal  SFK  autophosphorylation  level,  assessed  by  both  Western  blot  analysis  determining  autophosphorylation  (the 
equivalent  of  Tyr416;  top  image)  and  ELISA  measuring  Tyr416  autophosphorylation  versus  total  Src  (graph).  B,  EGF  (10  ng/mL)  elevated  VASP  Ser239 
phosphorylation  and  Src  Tyr416  phosphorylation  in  OV2008  cells,  assessed  by  Western  blot  analysis,  and  elevated  DNA  synthesis  in  OV2008  cells,  assessed 
by  bromodeoxyuridine  incorporation.  Pretreatment  with  DT-2  (2.5  pmol/L)  for  2  h  completely  inhibited  the  EGF-stimulated  increases  in  VASP 
phosphorylation,  Src/SFK  autophosphorylation,  and  DNA  synthesis.  The  Western  blots  shown  in  A  and  B  are  representative  of  four  experiments.  Columns, 
mean  of  four  experiments;  bars,  SEM.  **,  P  <  0.01;  ***,  P  <  0.001,  compared  with  the  control;  ###,  P  <  0.001,  compared  with  EGF  alone. 


584  Mol  Cancer  Res;  8(4)  April  2010 


Molecular  Cancer  Research 


PKG-la  Promotes  Src  Activation  in  Ovarian  Cancer 


FIGURE  5.  Gene  knockdown  using  PKG-la-specific  siRNA  lowers  basal  Src  Tyr416  autophosphorylation  and  DNA  synthesis  in  both  OV2008  cells  (A)  and 
A2780cp  cells  (B).  The  Western  blots  shown  are  representative  of  four  experiments.  Columns,  mean  from  four  experiments;  bars,  SEM.  ***,  P  <  0.001 , 
compared  with  the  negative  control. 


range  of  0.5  to  2.5  |tmol/L  in  lung  cancer  cells  (21)  and  5 
to  20  pmol/L  in  murine  embryonic  stem  cells  (34). 

Figure  7  shows  that  both  basal  and  EGF-stimulated  SFK 
activity  (A  and  B)  and  DNA  synthesis  (C)  in  OV2008  cells 
are  inhibited  by  SKI-1  at  0.5  and  1  pmol/L.  In  addition, 
Fig.  7 A  shows  that  SKI-1  inhibits  the  phosphorylation 
of  EGFR  at  Tyr845  (site  phosphorylated  by  Src),  confirm¬ 
ing  that  SKI-1,  at  these  concentrations,  inhibits  endoge¬ 
nous  Src  kinase  activity  in  the  ovarian  cancer  cells.  Like 
SU6656  (shown  in  Fig.  6C),  SKI-1  also  inhibited  the 
EGF-stimulated  phosphorylation  of  VASP  at  Ser239,  fur¬ 
ther  indicating  that  the  increased  PKG-la  kinase  activity 
stimulated  by  EGF  (shown  in  Figs.  4  and  6)  is  dependent 
on  SFK  activity.  Interestingly,  in  the  case  of  the  SKI-1— 
inhibitory  experiments,  even  basal  activity  of  PKG-Ict 
(i.e.  basal  phosphorylation  of  VASP  at  Ser239)  in  the 
OV2008  ovarian  cancer  cells  was  highly  dependent  on 
SFK  activity  (Fig.  7A).  Thus,  Src  or  a  closely  related  SFK 
seems  to  interact  with  PKG-la  in  both  an  upstream  and 
downstream  role,  with  SFK  activity  enhancing  the  serine/ 
threonine  kinase  activity  of  PKG-la  (Fig.  7)  and  PKG-la 
kinase  activity  enhancing  the  tyrosine  kinase  activity  of 
Src/SFKs  (Figs.  4  and  5). 


In  vitro  and  In  vivo  Cross  talk  of  PKG-la  and  Src 

A  previous  study,  using  in  vitro  phosphorylation  experi¬ 
ments,  had  shown  that  the  viral  form  of  Src  (v-Src)  is  ca¬ 
pable  of  phosphorylating  PKG-la  on  a  tyrosine  residue, 
which  dramatically  enhanced  both  basal  activity  and 
cGMP  activatibility  of  PKG-la  (37).  Because  of  the  simi¬ 
larities  between  v-Src  and  the  cellular  form  of  Src  (c-Src) 
found  in  mammalian  cells,  we  had  hypothesized  that  c-Src 
may  interact  with  PKG-la  in  human  ovarian  cancer  cells, 
resulting  in  c-Src-catalyzed  tyrosine  phosphorylation 
of  PKG-la.  Predictably,  this  would  result  in  enhanced  basal 
PKG  kinase  activity  as  well  as  enhanced  cGMP-stimulated 
PKG  kinase  activity  (i.e.,  intracellular  cGMP  at  basal  levels 
would  become  more  effective  as  an  endogenous  activator 
of  PKG-la). 

To  test  whether  human  c-Src  directly  phosphorylates 
human  PKG-la  on  a  tyrosine  residue  in  vitro,  we  used 
recombinant  human  PKG-la  and  recombinant  human 
c-Src,  which  were  incubated  in  a  kinase  reaction  buffer 
containing  the  necessary  ATP  and  Mg2+.  Tyrosine  phos¬ 
phorylation  of  the  proteins  was  determined  by  Western 
blot  analysis  using  the  anti-phosphotyrosine  antibody 
PY20,  which  recognizes  general  tyrosine  phosphorylation. 
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Figure  8A  shows  the  results  of  a  representative  in  vitro 
experiment.  Lane  4  contains  a  band  at  60  kDa,  represent¬ 
ing  the  autophosphorylated  form  of  human  c-Src.  When 
both  human  c-Src  and  PKG-Ia  were  present  together  (lane 
1),  a  second  band  appeared  at  a  molecular  weight  of  ~76 
kDa  (corresponding  to  PKG-Ia),  indicating  that  recombi¬ 
nant  human  PKG-Ia  was  phosphorylated  on  a  tyrosine 
residue  by  the  recombinant  human  c-Src.  Addition  of  pro¬ 
tein  tyrosine  phosphatases  to  the  reaction  mixture  reduced 
the  tyrosine  phosphorylation  of  PKG-Ia  (lane  2).  The  data 
indicate  that  human  c-Src,  like  v-Src,  is  capable  of  directly 
phosphorylating  PKG-Ia  on  a  tyrosine  residue. 

Figure  8B  shows  the  results  of  an  experiment  using  in¬ 
tact  ovarian  cancer  cells,  both  OV2008  and  A2780cp  cells, 
determining  whether  endogenous  SFK  activity  is  capable 
of  phosphorylating  PKG-Ia  on  a  tyrosine  residue.  The 
cells  were  exposed  to  SKI-1  to  inhibit  the  endogenous 
SFK  activity,  and  the  levels  of  tyrosine  phosphorylation 
of  immunoprecipitated  PKG-Ia  were  determined  by 


Western  blot  analysis.  The  data  show  that  SKI-1  substan¬ 
tially  reduced  the  level  of  tyrosine  phosphorylation  of 
PKG-Ia  in  both  ovarian  cancer  cell  lines,  suggesting  that 
endogenous  SFK  activity  contributes  to  the  tyrosine 
phosphorylation  of  PKG-Ia  in  intact  ovarian  cancer  cells. 

The  data  shown  in  Figs.  2  to  5  above  had  suggested  that 
Src  (or  a  closely  related  SFK)  may  be  serving  not  only  as  an 
upstream  stimulator  of  PKG-Ia  but  also  as  a  downstream 
target  of  PKG-Ia,  which  was  indicated  by  the  decrease  in 
SFK  activity  caused  by  the  pharmacologic  inhibition  of 
PKG-Ia  activity  and  by  the  siRNA  gene  knockdown  of 
PKG-Ia  expression.  To  test  the  possibility  that  PKG-Ia 
may  directly  stimulate  c-Src  kinase  activity,  we  conducted 
additional  in  vitro  experiments  using  recombinant  human 
c-Src  and  PKG-Ia.  Figure  8C  shows  the  results  of  these 
experiments.  In  this  case,  the  Western  blots  were  probed 
using  an  antibody  that  specifically  recognized  the  tyrosine- 
phosphorylated  form  of  the  autophosphorylation/activation 
site  of  Src  (and  other  SFKs;  equivalent  to  Tyr416  site  of 
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FIGURE  6.  EGF  stimulates  both  Src/SFK 
autophosphorylation  and  PKG-Ia  kinase  activity 
(VASP  Ser239  phosphorylation)  in  OV2008 
ovarian  cancer  cells  and  these  responses  are 
inhibited  by  SU6656,  a  SFK-selective  tyrosine 
kinase  inhibitor.  A,  Western  blot  showing  that 
EGF  (10  and  50  ng/mL)  increases  Src/SFK 
autophosphorylation  (equivalent  of  Tyr416)  in 
OV2008  cells  in  a  time-dependent  manner,  with 
the  phosphorylation  reaching  a  peak  at  15  to 
30  min.  B,  Western  blot  showing  that  EGF 
(1 0  and  50  ng/mL)  increases  both  Src/SFK 
activity  (autophosphorylation)  and  PKG-Ia 
kinase  activity  (assessed  by  downstream 
phosphorylation  of  the  PKG-Ia  substrate, 

VASP  at  Ser239)  in  OV2008  cells  in  a 
concentration-dependent  manner.  C,  SU6656 
(1  and  5  pmol/L)  inhibited  the  EGF-induced 
stimulation  of  the  EGFR  phosphorylation  at 
Tyr845  (site  phosphorylated  by  Src),  the  Ser239 
phosphorylation  of  VASP  (PKG-Ia  substrate), 
and  the  autophosphorylation  of  Src/SFK. 

The  Western  blots  shown  are  representative  of 
four  experiments. 
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FIGURE  7.  Endogenous  SFK  activity  plays  an 
important  role  in  phosphorylating  EGFR, 
enhancing  the  endogenous  serine/threonine 
kinase  activity  of  PKG-la,  and  promoting  DNA 
synthesis  under  both  basal  condition 
(normal  plus  serum  growing  condition)  and 
EGF-stimulated  condition  in  OV2008  cells. 

A,  SKI-1  (0.5  and  1  pmol/L),  a  potent  and  highly 
selective  SFK  tyrosine  kinase  inhibitor,  reduces 
both  basal  and  EGF-stimulated  phosphorylation 
of  EGFR,  Src/SFK  autophosphorylation,  and 
VASP  phosphorylation  at  Ser239  (Western  blot 
analysis).  B,  the  inhibition  of  SFK  activity  by 
SKI-1  was  also  determined  using  an  ELISA, 
measuring  autophosphorylation  of  Src 
(equivalent  of  Tyr416  phosphorylation)  versus 
total  Src.  As  with  the  Western  blots,  SKI-1 
(0.5  and  1  pmol/L)  dramatically  lowered 
both  basal  and  EGF-stimulated  Src 
autophosphorylation/activation  in  the  OV2008 
cells.  C,  at  the  same  concentrations  used  in 
A  and  B  (0.5  and  1  pmol/L),  SKI-1  also  inhibited 
both  basal  (plus  serum  growing  condition)  and 
EGF-stimulated  DNA  synthesis  in  OV2008 
cells.  The  Western  blots  in  A  are  representative 
of  four  experiments.  B  and  C,  columns, 
mean  of  data  from  four  experiments;  bars,  SEM. 
*,  P  <  0.05;  **,  P  <  0.01 ;  and  ***,  P  <  0.001 , 
compared  with  the  control;  ##,  P  <  0.01  and 
###,  P  <  0.001 ,  compared  with  EGF  alone. 
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v-Src).  Figure  8C  shows  that  the  copresence  of  PKG-la  does 
indeed  enhance  the  autophosphorylation  of  c-Src,  confirm¬ 
ing  that  PKG-la  interacts  with  c-Src  in  a  way  that  elevates 
Src  kinase  activity.  At  present,  it  is  unclear  how  PKG-la  is 
able  to  enhance  the  Src  kinase  activity.  However,  the  experi¬ 
ments  shown  in  Fig.  4,  which  used  DT-2  to  inhibit  the 
endogenous  kinase  activity  of  PKG-la  in  ovarian  cancer 
cells,  suggest  that  the  stimulatory  effect  of  PKG-la  on 
Src/SFK  activity  may  involve  the  serine/threonine  kinase 
activity  of  PKG-la  and  potentially  the  phosphorylation  of 


a  serine  or  threonine  residue  in  Src/SFK,  which  could  poten¬ 
tially  enhance  Src/SFK  autophosphorylation  and  activation. 
Further  experiments,  beyond  the  scope  of  the  present  study, 
will  be  needed  to  confirm  this  idea. 

Figure  8D  shows  a  model,  based  on  the  data  of  the  pres¬ 
ent  study,  illustrating  the  proposed  role  of  the  NO/cGMP/ 
PKG-la  signaling  pathway  and  its  interaction  with  Src  in 
promoting  DNA  synthesis  and  cell  proliferation  in  ovarian 
cancer  cells.  Previous  studies  from  our  lab  have  shown  that 
both  endothelial  NOS  and  neuronal  NOS  are  expressed  in 
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ovarian  cancer  cells  and,  via  their  ability  to  generate  endog¬ 
enous  NO,  play  an  important  role  in  contributing  to  che- 
moresistance  (14).  Furthermore,  our  previous  studies  have 
shown  that  endogenous  NO,  via  its  ability  to  bind  and 
activate  the  heme  moiety  of  sGC,  enhances  the  generation 
of  cGMP  in  ovarian  cancer  cells,  which  in  turn  protects 
these  cells  against  the  development  of  spontaneous  apopto¬ 
sis  (13).  The  present  study,  using  both  pharmacologic  in¬ 
hibitors  (ODQ,  DT-2,  and  SKI-1)  and  gene  knockdown 
technique  (siRNA),  shows  that  PKG-Ia  kinase  activity 
and  the  interactions  between  PKG-Ia  and  Src  play  a  key 
role  in  promoting  DNA  synthesis  in  ovarian  cancer  cells. 


Discussion 

The  present  study  showed  that  basal  PKG-Ia  kinase  ac¬ 
tivity  plays  an  important  role  in  enhancing  the  DNA  syn¬ 
thesis  rate  in  two  human  ovarian  cancer  cell  lines: 
OV2008  cells  (wild-type  p53  and  cisplatin  sensitive) 
and  A2780cp  cells  (mutated  p53  and  cisplatin  resistant). 
Thus,  the  ability  of  PKG-Ia  to  promote  cell  proliferation 
in  human  ovarian  cancer  cells  seems  to  be  independent  of 
the  p53  mutation  status  and  whether  the  cancer  cells  are 
sensitive  to  cisplatin.  Inhibition  of  either  the  basal  PKG- 
Ia  serine/threonine  kinase  activity  or  the  basal  Src/SFK 
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FIGURE  8.  In  both  in  vitro  and  in  vivo  (intact  cell)  experiments,  Src  seems  to  directly  tyrosine  phosphorylate  PKG-Ia  and  the  interaction  of  PKG-Ia  with 
Src  enhances  the  activation  of  Src.  A,  Western  blot  showing  general  tyrosine  phosphorylation  of  human  recombinant  c-Src  and  PKG-Ia  following 
coincubation  in  an  in  vitro  experiment.  The  PY20  antibody,  which  recognizes  phosphorylation  on  all  phosphorylated  tyrosine  residues,  was  used.  The 
coincubation  of  c-Src  and  PKG-Ia  caused  tyrosine  phosphorylation  of  PKG-Ia.  B,  experiments  using  intact  OV2008  cells  with  immunoprecipitation  of 
PKG-Ia  show  that  the  endogenous  tyrosine  phosphorylation  of  PKG-Ia  in  these  cancer  cells  is  dependent  on  endogenous  Src  kinase/SFK  activity.  SKI-1  at 
0.5,  1,  and  2  pmol/L  dramatically  reduced  that  level  of  tyrosine  phosphorylation  of  the  immunoprecipitated  PKG-Ia,  assessed  by  Western  blot  analysis. 
C,  Western  blot  showing  the  effect  of  recombinant  human  PKG-Ia  on  the  autophosphorylation  of  recombinant  human  c-Src  using  an  antibody  that 
specifically  recognizes  the  autophosphorylation  site  of  Src.  The  presence  of  PKG-Ia  increased  the  level  of  autophosphorylation  of  Src,  indicating  that 
PKG-Ia  and  Src  interact  in  a  way  that  enhances  Src  kinase  activity.  The  Western  blots  in  A,  B,  and  C  are  representative  of  four  experiments,  all  showing 
similar  results.  D,  model  showing  the  role  of  the  NO/sGC/cGMP/PKG-la  signaling  pathway  in  promoting  Src  kinase  activity  and  DNA  synthesis/cell 
proliferation  in  ovarian  cancer  cells.  ODQ  inhibits  the  heme  moiety  of  sGC  (heme-sGC),  which  blocks  the  ability  of  endogenous  NO  to  activate  sGC  and 
stimulate  cGMP  synthesis.  The  data  of  the  present  study,  using  pharmacologic  inhibitors  (ODQ,  DT-2,  and  SKI-1)  and  PKG-Ia  siRNA  gene  knockdown, 
show  that  this  signaling  pathway  plays  an  important  role  in  enhancing  Src  kinase  activation  and  promoting  DNA  synthesis  in  human  ovarian  cancer  cells. 
eNOS,  endothelial  NOS;  nNOS,  neuronal  NOS. 
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tyrosine  kinase  activity  decreases  DNA  synthesis  in  these 
cells.  Both  in  vitro  and  in  vivo  experiments  suggest  that 
PKG-la  and  Src  interact  in  a  way  that  results  in  the  en¬ 
hancement  of  both  PKG-la  serine/ threonine  kinase  activ¬ 
ity  and  Src  tyrosine  kinase  activity,  both  of  which  seem  to 
be  important  for  the  enhanced  DNA  synthesis  in  human 
ovarian  cancer  cells. 

Several  previous  studies  have  suggested  that  PKG  can 
participate  in  either  the  inhibition  of  cell  proliferation  or 
the  stimulation  of  cell  proliferation,  apparently  depending 
on  the  types  of  cells  studied  and/or  the  conditions  of  the 
experimental  procedures.  For  example,  stimulation  of  en¬ 
dogenous  PKG  kinase  activity  in  vascular  smooth  muscle 
cells  (16),  cardiac  fibroblasts  (17),  T-cell  lymphocytes  (18), 
and  human  colon  cancer  cells  (19)  all  resulted  in  a  de¬ 
crease  in  cell  proliferation  rate.  In  contrast,  stimulation 
of  endogenous  PKG  kinase  activity  in  human  umbilical 
vein  endothelial  cells  (HUVEC)  resulted  in  enhanced  rate 
of  cell  proliferation  (38).  In  the  HUVECs,  vascular  en¬ 
dothelial  growth  factor,  a  proangiogenic  factor  impor¬ 
tant  in  tumor  angiogenesis,  was  shown  to  stimulate 
the  proliferation  of  these  cells  via  a  cellular  mechanism 
involving  vascular  endothelial  growth  factor-induced/ Akt- 
mediated  phosphorylation  (and  stimulation)  of  endo¬ 
thelial  NOS,  enhanced  production  of  endogenous  NO, 
elevation  of  cGMP  levels,  and  stimulation  of  PKG  kinase 
activity  (38). 

The  reason  for  the  opposite  effects  of  PKG  on  cell  pro¬ 
liferation  in  the  different  cell  types/experimental  condi¬ 
tions  is  currently  unclear.  However,  it  is  important  to 
note  that  the  previous  reports  showing  PKG-mediated  in¬ 
hibition  of  cell  proliferation  in  vascular  smooth  muscle 
cells,  cardiac  fibroblasts,  T-cell  lymphocytes,  and  human 
colon  cancer  cells  were  all  linked  to  activation  of  the 
PKG-Ip  isoform  of  PKG  (16-19),  suggesting  that  the  anti¬ 
proliferative  effects  of  PKG  activation  may  be  mediated  se¬ 
lectively  by  the  PKG-ip  isoform.  Although  the  PKG 
isoform  mediating  the  growth-promoting  effects  in  HU¬ 
VECs  was  not  identified  in  the  previous  report  (38),  recent 
studies  in  our  laboratory  have  shown  that  PKG-la  is  the 
predominant  isoform  expressed  in  HUVECs  and  that 
PKG-la  participates  in  promoting  HUVEC  cell  prolifera¬ 
tion.8  Likewise,  we  have  recently  shown  that  the  basal  ki¬ 
nase  activity  of  endogenous  PKG-la  in  vascular  smooth 
muscle  cells  is  critically  important  for  promoting  the  cell 
proliferation  of  these  cells  when  grown  in  culture  (15). 
Thus,  the  different  effects  of  PKG  on  cell  proliferation 
may  depend  on  which  isoform  of  PKG-I  is  expressed 
and  activated  [i.e.,  PKG-la  (at  basal  activity)  mediating  in¬ 
creased  cell  proliferation,  whereas  PKG-ip  (when  highly 
activated  or  overexpressed)  mediating  decreased  cell  pro¬ 
liferation],  The  data  of  the  present  study  are  consistent 
with  this  concept,  showing  that  human  ovarian  cancer 
cells,  which  express  predominantly  the  PKG-la  isoform, 


8  R.R.  Fiscus,  unpublished  observations. 


exhibit  enhanced  cell  proliferation  promoted  by  the  ba¬ 
sal  kinase  activity  of  PKG-la.  To  our  knowledge,  this  is 
the  first  report  of  the  involvement  of  endogenous  PKG  in 
the  regulation  of  cell  proliferation  in  human  ovarian  can¬ 
cer  cells. 

Previous  data  from  our  laboratory  had  shown  that  basal 
activity  of  the  NO/sGC/cGMP/PKG  signaling  pathway 
in  chemosensitive  human  ovarian  cancer  cells  results  in 
a  continuous  suppression  of  p53  accumulation  and  pro¬ 
tection  against  spontaneous  onset  of  apoptosis  (13).  Be¬ 
cause  p53,  in  addition  to  regulating  apoptosis,  is  also 
involved  in  regulating  cell  cycle  progression  (39),  the  pres¬ 
ent  study  determined  if  basal  activity  of  the  PKG  pathway 
may  also  provide  a  continuous  control  over  the  prolifera¬ 
tion  rate  of  human  ovarian  cancer  cells  in  a  way  that  may 
be  dependent  on  the  mutational  status  of  p53.  Using  two 
human  ovarian  cancer  cell  lines  with  different  p53  status, 
we  show  in  the  present  study  that  blocking  the  endoge¬ 
nous  NO-induced  activation  of  sGC  (using  ODQ)  or  the 
inhibition  of  endogenous  PKG-la  kinase  activity  (using 
DT-2— selective  or  PKG-la— selective  siRNA)  significantly 
reduces  the  rate  of  DNA  synthesis  in  both  OV2008  cells 
(with  wild-type  p53)  and  A2780cp  cells  (with  mutated 
p53).  Although  the  level  of  inhibition  of  DNA  synthesis 
by  DT-2  seemed  to  be  somewhat  smaller  in  the  A2780 
cells  compared  with  the  OV2008  cells  (Figs.  2  and  3), 
the  data  obtained  with  PKG-la  siRNA  gene  knockdown 
(Fig.  5)  show  that  PKG-la  contributes  similarly  to  pro¬ 
moting  cell  proliferation  in  both  cell  lines.  Thus,  the  data 
suggest  that  PKG-la  kinase  activity  in  human  ovarian 
cancer  cells  plays  an  important  role  in  promoting  cell  pro¬ 
liferation  and  that  the  mechanism  seems  to  be  indepen¬ 
dent  of  the  p53  mutational  status. 

The  present  study  also  shows  that  both  OV2008  and 
A2780cp  ovarian  cancer  cells  express  PKG,  predominately 
the  PKG-la  isoform.  This  observation  is  in  contrast  to  a 
previous  report  showing  that,  although  PKG  was  highly  ex¬ 
pressed  in  normal  surface  epithelial  cells  of  the  ovary,  the 
expression  of  PKG  seemed  to  be  “absent”  in  various  ovarian 
cancer  cells  (40).  The  difference  may  be  related  to  the  use  of 
different  ovarian  cancer  cell  lines  in  the  two  studies  or  to 
differences  in  sensitivity  for  detecting  PKG  expression.  Nev¬ 
ertheless,  the  present  study  shows  that  at  least  two  human 
ovarian  cancer  cell  lines  do  indeed  express  PKG-la  and  that 
the  expression  levels  are  sufficient  to  play  an  important  role 
in  promoting  SFK  activity  and  cell  proliferation. 

Src  is  overexpressed  and/or  aberrantly  activated  in  late- 
stage  human  ovarian  cancer  cells  (23).  Via  its  tyrosine  ki¬ 
nase  activity,  which  phosphorylates  EGFR  and  other 
growth-promoting  proteins  on  tyrosine  residues,  and  via 
its  ability  to  inhibit  the  actions  of  the  tumor  suppressor 
p53,  Src  is  known  to  promote  cell  proliferation  in  a  variety 
of  cells  (20,  22).  The  present  study  shows  that  there  is  an¬ 
other  potential  site  of  action  of  Src  within  mammalian  cells 
(i.e.,  Src-mediated  tyrosine  phosphorylation  of  PKG-la), 
which  may  result  in  enhanced  serine/threonine  kinase 
activity  of  PKG-la  (indicated  in  the  present  study  by  the 
enhanced  Ser239  phosphorylation  ofVASP).  Previously,  the 
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viral  homologue  of  c-Src,  v-Src,  was  shown  to  be  capable  of 
phosphorylating  PKG-Ia  on  a  tyrosine  residue  during 
in  vitro  coincubation  (37).  The  tyrosine  phosphorylation 
of  PKG-Ia  leads  to  elevated  basal  activity  as  well  as  sub¬ 
stantial  enhancement  in  the  ability  of  cGMP  to  stimulate 
PKG-Ia  kinase  activity,  shifting  the  for  cGMP  from 
109  nmol/L  (in  PKG-Ia  without  tyrosine  phosphoryla¬ 
tion)  to  39  nmol/L  (in  PKG-Ia  with  tyrosine  phosphory¬ 
lation).  However,  to  our  knowledge,  the  phosphorylating 
effect  of  a  mammalian  form  of  Src  (mammalian  c-Src) 
on  PKG-Ia  has  not  been  reported  previously.  We  pre¬ 
dicted,  based  on  the  similarity  between  v-Src  and  c-Src, 
that  endogenous  c-Src  in  human  ovarian  cancer  cells  may 
phosphorylate  endogenous  PKG-Ia,  greatly  enhancing 
its  ability  to  be  stimulated  by  the  basal  cGMP  levels 
within  these  cells.  Because  ovarian  cancer  cells  often 
overexpress  Src  or  posses  a  higher  level  of  Src  kinase  ac¬ 
tivity,  it  is  further  hypothesized  that  PKG-Ia  would  be 
activated  to  a  relatively  high  level  (i.e.,  hyperactivated) 
in  these  cancer  cells  and  this  may  contribute  to  enhanced 
proliferation  rate. 

The  present  study,  using  both  in  vitro  and  in  vivo  (intact 
cell)  experiments,  suggest  that  the  human  form  of  c-Src  is 
indeed  capable  of  tyrosine  phosphorylating  PKG-Ia  (illus¬ 
trated  in  Fig.  8).  Using  the  highly  selective  Src/SFK  tyro¬ 
sine  kinase  inhibitor  SKI-1,  we  showed  that  both  OV2008 
and  A2780cp  ovarian  cancer  cells  have  tyrosine  phosphor¬ 
ylation  of  the  endogenous  PKG-Ia  under  normal  culturing 
conditions  that  is  dependent  on  endogenous  Src/SFK  tyro¬ 
sine  kinase  activity  (Fig.  8B).  Thus,  the  data  of  the  present 
study  suggest  that  the  overexpressed/hyperactivated  Src 
within  ovarian  cancer  cells  may  be  continually  phosphor¬ 
ylating  PKG-Ia  on  a  tyrosine  residue  (likely  the  same  ty¬ 
rosine  residue  phosphorylated  by  v-Src  used  in  the 
previous  in  vitro  study;  ref.  37),  resulting  in  high-level  ac¬ 
tivation  of  PKG-Ia  in  ovarian  cancer  cells.  The  data  pre¬ 
sented  in  Figs.  1  to  3  of  the  present  study  further  suggest 
that  the  endogenous  PKG-Ia  kinase  activity  (indicated  by 
VASP  Ser239  phosphorylation)  is  at  a  high  basal  level  in 
both  OV2008  and  A2780cp  cells,  which  is  consistent 
with  the  idea  that  PKG-Ia  kinase  activity  is  continually 
enhanced  by  the  high-level  Src  tyrosine  kinase  activity 
within  these  cells. 

The  mitogenic  effect  of  EGF  observed  in  the  present 
study  is  relatively  small,  likely  because  basal  SFK  activity 
and  EGFR  kinase  activity  are  already  partially  activated 
in  the  absence  of  exogenous  EGF.  This  is  suggested  by 
the  data  in  Figs.  6  and  7,  which  show  that  inhibition  of 
SFK  activity  with  SU6656  or  SKI-1  causes  substantial 
lowering  of  both  SFK  autophosphorylation  and  EGFR 
phosphorylation  at  Tyr845.  Elevations  of  basal  EGFR/ 
Src  kinase  activity  are  frequently  reported  in  cancer  cells 
due  to  the  overexpression  of  ligand  and/or  mutation(s)  of 
EGFR  (41).  We  do  not  rule  out  the  possibilities  that  the 
ovarian  cancer  cells  of  the  present  study  may  harbor  such 
kinds  of  abnormalities. 

To  our  knowledge,  the  present  study  represents  the  first 
report  showing  direct  cross  talk  between  PKG  and  c-Src/ 


SFKs  in  intact  mammalian  cells  resulting  in  the  regulation 
of  cell  proliferation.  Two  previous  reports,  showing  that  c- 
Src  is  involved  in  the  antiapoptotic  effects  of  NO  in 
RINm5F  insulin-producing  cells,  have  proposed  that  Src 
and  PKG  may  interact  to  mediate  the  NO-induced  antia¬ 
poptotic  effects;  however,  a  direct  interaction  between  PKG 
and  c-Src  was  not  established  (42,  43).  The  data  of  the 
present  study  suggest  that  Src  and  possibly  other  SFKs  serve 
both  upstream  and  downstream  of  PKG-Ia  in  human  ovar¬ 
ian  cancer  cells  and  that  these  interactions  promote  DNA 
synthesis.  Src  is  a  close  associator  with  EGFR,  and  they  mu¬ 
tually  activate  each  other  at  Tyr845  of  EGFR  and  Tyr416  of 
Src.  PKG-Ia  may  exert  its  mitogenic  effect  in  ovarian  can¬ 
cer  cells  via  the  enhanced  activation  of  the  EGFR/Src  sig¬ 
naling  pathway,  which  includes  downstream  effectors  such 
as  Akt,  signal  transducer  and  activator  of  transcription  3/5, 
and  mitogen-activated  protein  kinase  (24),  as  well  as  other 
promitogenic  mechanism  mediated  by  activated  Src. 

In  conclusion,  the  present  study  provides  the  first  report 
showing  the  direct  cross  talk  between  PKG-Ia  and  Src  in 
human  ovarian  cancer  cells.  Both  basal  PKG-Ia  serine/ 
threonine  kinase  activity  and  Src/SFK  tyrosine  kinase  activ¬ 
ity  were  found  to  be  important  for  promoting  DNA  synthe¬ 
sis  in  human  ovarian  cancer  cells.  Furthermore,  EGF 
stimulation  of  SFK  activity  and  the  resulting  enhanced 
DNA  synthesis  seemed  to  be  dependent  on  PKG-Ia  kinase 
activity.  Overall,  the  present  data  suggest  the  presence  of  a 
novel  signaling  cross  talk  between  Src  and  the  NO/cGMP/ 
PKG-Ia  signaling  pathway  that  is  important  for  promoting 
DNA  synthesis  and  cell  proliferation  in  human  ovarian  can¬ 
cer  cells.  Therapeutic  agents  that  target  the  NO/cGMP/ 
PKG-Ia  signaling  pathway  or  the  novel  Src/PKG-Ia  cross 
talk  may  represent  a  new  approach  for  effectively  controlling 
the  proliferation  of  human  ovarian  cancer  cells  in  the  treat¬ 
ment  of  ovarian  cancer. 
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Abstract 

Background:  Protein  kinase  G  (PKG),  a  recognized  downstream  mediator  of  nitric  oxide,  is  a  key  regulator  of  cardiovascular  physiology  and 
pathology.  High-level  stimulation  of  cyclic  guanosine  monophosphate/PKG  signaling  using  high  concentrations  of  nitric  oxide  donors, 
mimicking  pathological  conditions,  induces  apoptosis  in  vascular  smooth  muscle  cells.  In  contrast,  we  have  found  that  PKG  at  basal  and 
moderately  elevated  activity  prevents  both  spontaneous  and  toxin-induced  apoptosis  in  many  other  cells.  We  hypothesized  that  PKG’s 
apoptosis-regulatory  role  in  vascular  smooth  muscle  cells  depends  on  PKG  activation  levels  [low/basal-level  activation  prevents  apoptosis, 
whereas  high-level  activation  (hyperactivation)  causes  apoptosis].  Furthermore,  we  hypothesized  that,  although  PKG  hyperactivation  inhibits 
vascular  smooth  muscle  cell  proliferation  (potentially  causing  anti-atherogenic  effects),  basal  PKG  activity  may  promote  vascular  smooth 
muscle  cell  proliferation/atherogenesis.  Methods:  Involvement  of  PKG  in  apoptosis  and  proliferation  was  determined  in  unpassaged  vascular 
smooth  muscle  cells  from  mouse  aorta.  Western  blot  analysis  was  used  to  detennine  PKG  expression,  and  activators/inhibitors  of  PKG  activity 
were  used  to  detennine  involvement  in  apoptosis  (Hoechst  staining  and  DNA-fragmentation  ELISAs)  and  proliferation  (cell  count,  MTT  assay, 
and  BrdU  incorporation).  Results:  Both  PKG-Ia  and  PKG-Ip  isoforms  were  expressed.  Lower-level  stimulation  of  PKG  using  the  nitric  oxide 
donor  S-nitroso-acetylpenacillamine  (10,  50  pM)  significantly  (P<.05)  lowered  spontaneous  apoptosis,  whereas  ^-nitroso-acetylpenacillamine 
at  higher  concentrations  (500,  1000  pM)  elevated  apoptosis.  Twenty-four-hour  pretreatment  with  atrial  natriuretic  peptide,  a  PKG  activator, 
completely  prevented  high-concentration,  nitric  oxide-induced  apoptosis.  Inhibition  of  basal  PKG  activity  using  highly  selective  PKG 
inhibitors,  DT-2  andDT-3,  significantly  (Pc.OOl)  increased  apoptosis  and  inhibited  DNA  synthesis/proliferation.  Conclusion:  The  data  suggest 
that  basal/moderately  elevated  PKG  activity  protects  against  high/pathological-level  nitric  oxide-induced  apoptosis  and  promotes  DNA 
synthesis/proliferation  in  vascular  smooth  muscle  cells,  potentially  important  for  atherogenesis.  ©  2010  Elsevier  Inc.  All  rights  reserved. 
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1.  Introduction 

Cyclic  guanosine  monophosphate  (cGMP)-dependent 
protein  kinase  [protein  kinase  G  (PKG)]  is  recognized  as 
the  key  protein  kinase  mediating  some  biological  effects 
(e.g.,  vasodilation)  of  nitric  oxide  (NO)  and  is  an  important 
regulator  of  cardiovascular  physiology  and  pathology  [1,2]. 
Aberrant  expression  of  NO-synthesizing  enzymes,  both 
endothelial  NO  synthase  and  inducible  NO  synthase,  was 
found  in  vascular  smooth  muscle  cells  (VSMCs)  of 
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atherosclerotic  human  aortae,  suggesting  involvement  of  NO 
and  possibly  downstream  PKG  in  the  vascular  dysfunction 
and  abnormal  vascular  tissue  growth  associated  with 
atherosclerosis  [3]. 

Early  studies  had  shown  that  exposure  of  blood  vessels 
to  either  therapeutically  important  NO  donors  (e.g.,  sodium 
nitroprusside)  or  endogenously  produced  NO,  released  from 
acetylcholine-stimulated  endothelial  cells,  significantly 
increases  intracellular  activation  of  PKG  in  VSMCs  [4], 
The  data  suggested  that  PKG  was  the  key  protein  kinase 
mediating  the  vasodilatory  and  antihypertensive  effects  of 
therapeutic  NO  donors  as  well  as  endogenous  hormones 
and  local  hormones  that  utilize  the  endothelium-dependent 
mechanism  [5].  Even  basal  release  of  NO  in  unstimulated 
aorta  (possessing  healthy  endothelium)  significantly  ele¬ 
vates  the  intracellular  PKG  activation  in  VSMCs,  and  this 
elevated  PKG  activity  tonically  suppresses  the  vascular 
effects  of  many  vasoconstrictors  [4-6],  Other  early  studies 
showed  that  exposure  of  aorta,  with  or  without  endotheli¬ 
um,  to  atrial  natriuretic  peptide  (ANP),  a  cardiac  hormone 
with  vasodilatory  effects,  causes  similar  increases  in 
intracellular  PKG  activation  in  the  VSMCs  [7].  Thus, 
these  early  studies  helped  to  establish  PKG  as  a  major 
regulator  of  vascular  tone  and  an  important  protein  in 
preventing  the  development  of  hypertension. 

More  recent  studies  from  our  laboratory  have  identified 
PKG  as  a  key  mediator  of  cell  survival  in  certain  types  of 
mammalian  cells.  For  example,  PKG  activity,  either  basal  or 
moderately  elevated,  was  found  to  be  essential  for  the 
survival  of  certain  neural  cells,  including  primary  hippo¬ 
campal  neurons  [8]  and  a  number  of  established  neural  cell 
lines,  including  PC12,  N1E-115,  and  NG108-15  cells  [9- 
11].  Basal  activation  of  PKG  protects  these  cells  against  both 
spontaneous  apoptosis  and  toxin-induced  apoptosis.  Our 
laboratory  has  also  shown  that  basal  PKG  activity  plays  a 
similar  cytoprotective  role  in  preventing  spontaneous 
apoptosis  in  immortalized  uterine  epithelial  cells  and 
human  ovarian  cancer  cells  [12-14]. 

In  contrast,  other  laboratories  have  reported  that  high- 
level  stimulation  of  PKG  causes  the  induction  of  apoptosis. 
For  example,  high  concentrations  of  NO  donors  or 
phosphodiesterase  inhibitors,  mimicking  the  effects  of 
pathological  levels  of  endogenous  NO,  were  found  to  induce 
pro-apoptotic  effects  in  several  other  types  of  mammalian 
cells,  including  VSMCs  [15,16],  cardiomyocytes  [17],  the 
pancreatic  f-cell  line  PHT-T15  [18],  and  colon  cancer  cells 
[19].  Although  initially  it  was  thought  that  these  opposite 
effects  of  PKG  on  apoptosis  were  due  to  cell-type  differences 
[10],  other  causes,  such  as  differences  in  the  levels  of  PKG 
activation,  may  have  been  responsible.  The  present  study 
hypothesizes  that  PKG  plays  a  dual  role  in  regulating 
apoptosis  in  VSMCs,  i.e.,  basal/moderately  elevated  levels 
of  PKG  activation  suppress  the  onset  of  apoptosis,  whereas 
high  levels  of  activation  (i.e.,  hyperactivation)  of  PKG  cause 
induction  of  apoptosis.  Until  now,  only  the  pro-apoptotic 
effects  of  PKG  hyperactivation  in  VSMCs  have  been 


reported  [15,16].  The  present  study  determined  whether 
basal  activation  of  PKG  has  anti-apoptotic  effects  and 
whether  prior  moderate  stimulation  of  PKG  can  protect 
against  the  apoptosis  in  VSMCs  induced  by  high/patholog¬ 
ical  levels  of  NO. 

VSMCs  can  change  from  a  contractile  phenotype  to  a 
“synthetic”  noncontractile  (fibro-proliferative)  phenotype,  a 
process  known  as  phenotypic  modulation,  which  occurs 
during  vascular  injury  and,  in  some  cases,  in  vitro  culturing 
[20-22].  PKG  is  thought  to  play  an  important  role  in  the 
phenotypic  modulation  [1,23],  For  example,  when  rat 
VSMCs  begin  to  change  their  phenotype  during  culturing, 
PKG  expression  levels  were  reported  to  dramatically 
decrease  to  “undetectable  levels”  [24].  Serum-derived  growth 
factors,  such  as  platelet-derived  growth  factor  (PDGF),  are 
known  to  reduce  PKG  expression  [25],  which  likely 
contributed  to  the  apparent  loss  of  PKG  expression  during 
in  vitro  culturing  [1,26,27].  Interestingly,  Lincoln  et  al. 
[1,23,28]  have  shown  that  this  decrease  of  PKG  expression 
during  repeated  passaging  of  VSMCs  in  culture  may  be  an 
important  step  in  the  phenotypic  modulation  process. 

In  the  present  study,  only  unpassaged  VSMCs  were  used 
for  studying  the  involvement  of  PKG  activity  in  regulating 
apoptosis,  cell  proliferation,  and  DNA  synthesis.  To 
determine  the  role  of  basal  PKG  activity  in  regulating  the 
rates  of  apoptosis,  DNA  synthesis,  and  proliferation,  the 
PKG  inhibitors  DT-2  and  DT-3  were  used.  DT-2  and  DT-3 
are  unique  among  the  various  PKG  inhibitors  because  of 
their  high-level  selectivity  for  PKG  and  the  capability  to 
inhibit  not  only  stimulated  PKG  activity  but  also  basal  PKG 
activity  [29-31]. 

2.  Materials  and  methods 

2.1.  Materials 

Materials  were  purchased  as  follows:  Dulbecco’s  Mod¬ 
ified  Eagle’s  Medium  (DMEM),  fetal  bovine  serum  (FBS), 
penicillin-streptomycin  phosphate-buffered  saline,  Trypsin- 
EDTA  (0.5%)  1  Ox,  and  fungizone  were  from  Gibco  BRL 
(Gaithersburg,  MD,  USA).  Hyaluronidase,  8-Br-cGMP,  and 
Hoechst  33258  stain  were  from  Sigma  (St.  Louis,  MO, 
USA).  Collagenase  A  and  Cell  Death  Detection  ELISAplus 
kit,  MTT  assay,  and  BrdU-(5'bromo-2-deoxyuridine) 
ELISA  colorimetric  assays  were  from  Roche  Diagnostics 
(Mannheim,  Germany).  ANP  was  from  Phoenix  Pharma¬ 
ceuticals  (Burlingame,  CA,  USA).  cGMP  ELISA  was  from 
Assay  Designs  (Ann  Arbor,  MI,  USA).  Bradford  reagent  was 
from  Bio-Rad  (Hercules,  CA,  USA).  DT-2  was  from  Biolog 
(Bremen,  Germany).  KT-5823,  DT-3,  and  anti-PKG-Ia/(3 
antibody  (product  no.  539729)  were  from  Calbiochem- 
Novabiochem  (San  Diego,  CA,  USA).  The  anti-(3-actin 
antibody  was  from  Santa  Cruz  Biotechnologies  (Santa  Cruz, 
CA,  USA)  and  the  anti-phospho-VASP  (serine  239) 
antibody  was  from  Cell  Signaling  Technologies  (Danvers, 
MA,  USA). 
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2.2.  Animals 

Mice  of  8  to  10  weeks  old  were  obtained  from  the 
Laboratory  Animal  Services  Centre  of  the  Chinese  Univer¬ 
sity  of  Hong  Kong.  The  treatment  of  laboratory  animals  and 
the  experimental  procedures  of  the  study  adhered  to 
established  international  guidelines,  including  the  NIH 
Guidelines  for  Animal  Care,  and  were  approved  by  the 
Animal  Experimentation  Ethics  Committee  of  the  Chinese 
University  of  Hong  Kong. 

2.3.  Cell  culture 

VSMCs  were  isolated  from  mouse  aortas  using  an 
enzymatic  dissociation  method  as  described  previously  and 
cultured  with  15%  FBS  (for  optimal  cell  survival  and 
proliferation)  [32].  To  avoid  potential  loss  of  PKG  because 
of  culturing  conditions,  the  present  study  used  only  primary 
cultures  of  unpassaged  VSMCs  for  studies  of  apoptosis  and 
proliferation.  Most  previous  studies  of  VSMC  apoptosis  and 
proliferation  have  used  VSMC  cultures  that  were  repeatedly 
passaged  (typically  more  than  three  passages),  which  may 
have  caused  phenotypic  modulation  and  changes  in  the 
expression  levels  and  function  of  PKG.  All  experiments 
studying  apoptosis  and  proliferation  used  primary  cultures  of 
VSMCs  within  the  first  2  days  after  isolation  (before 
passaging).  Previous  studies  from  our  laboratory  have 
shown  that  the  VSMCs  remain  phenotypically  normal 
during  this  2-day  period  of  primary  culturing  [32]. 
Immunocytochemical  staining  showed  that  >95%  of  cells 
stained  for  smooth  muscle-type  a-actin. 

2.4.  Protein  extraction  and  Western  blot  analysis  of  PKG 
expression  and  VASP  phosphorylation  at  serine  239 

Cells  were  lysed  for  20  min  on  ice  in  50  pi  RIPA  with  1  x 
protease  inhibitor  cocktail  (Roche)  and  3  mM  DTT. 
Similarly,  freshly  isolated  aortas  were  homogenized  in 
RIPA  using  tissue  grinder.  Samples  were  centrifuged  at 
10,000xg  at  4°C  and  supernatant  fractions  used  for  Western 
blot  analysis.  Cellular  protein  was  measured  by  Bradford 
analysis.  The  proteins  were  resolved  by  electrophoresis  in 
8%  SDS-polyacrylamide  gels  and  transferred  to  PVDF 
membranes.  The  blots  were  blocked  in  5%  nonfat  milk  and 
probed  with  anti-PKG-Ia/[3  antibody  (#539729,  Calbio- 
chem)  (1:5000),  which  recognizes  the  C-terminal  (common 
region)  of  both  PKG-la  and  PKG- If,  or  anti-phospho-VASP 
(serine  239)  antibody.  The  level  of  phosphorylation  of  VASP 
at  serine  239  is  a  measure  of  intracellular  PKG  activity  [33]. 

2.5.  Measurement  of  cell  proliferation  by  counting 
cell  number 

Cells  were  seeded  in  24-well  plates  in  DMEM  with  15% 
FBS  and  incubated  at  37°C  in  5%  CO2  for  24  h.  DT-2  or  DT- 
3  was  added  once  per  day  for  3  days.  Trypsinized  cells  were 


counted  by  a  hemocytometer.  Increase  in  the  number  of  cells 
was  calculated  by  subtracting  initial  cell  number  from  cell 
number  after  treatments. 

2.6.  Measurement  of  cell  proliferation  by  MTT  assay 

Proliferation  of  VSMCs  was  also  measured  by  MTT 
assay  (Roche),  following  the  protocol  of  the  manufacturer. 
Cells  were  seeded  in  96-well  microplates  (2x  1 04  cells  per 
well)  in  DMEM  with  15%  FBS  and  incubated  at  37°C  in  5% 
CO2  for  24  h.  DT-2  or  DT-3  was  added  once  per  day  for  3 
days.  The  data  are  presented  as  increases  in  number  of  cells, 
with  data  converted  from  absorbance  units  in  MTT  assay 
into  number  of  cells  using  standard  curves  of  cell  number  vs. 
absorbance  units. 

2.7.  Measurement  of  de  novo  DNA  synthesis  by  BrdU-(5' 
bromo-2-deoxyuridine)  ELISA  colorimetric  assay 

The  rate  of  DNA  synthesis  of  VSMCs  was  measured  by 
BrdU  ELISA  assay  (Roche),  following  the  protocol  of  the 
manufacturer.  Cells  were  seeded  in  96-well  microplates 
(5x  103  cells  per  well)  in  DMEM  with  15%  FBS  and 
incubated  at  37°C  in  5%  CO2  for  24  h.  DT-2  or  DT-3  was 
added  for  24  h,  followed  by  BrdU  for  4  h. 

2.8.  Measurement  of  apoptosis  by  Cell  Death 
Detection  ELISAplps 

The  Cell  Death  Detection  ELISAplus  assay  (Roche), 
based  on  quantitative  sandwich-enzyme-immunoassay 
principle  with  monoclonal  antibodies  directed  against 
apoptotic-fragmented  DNA  and  histones,  were  used  to 
quantify  apoptotic  levels.  Procedures  followed  the  manu¬ 
facturer’s  protocol,  with  the  following  exception.  A  longer 
centrifugation  time  (i.e.,  30  min,  instead  of  the  recom¬ 
mended  10  min),  after  cell  permeation  for  releasing 
apoptotic  fragments  of  DNA,  was  used  in  order  to  obtain 
a  cleaner  separation  of  apoptotic  DNA  fragments  from 
genomic  DNA  in  cell  nuclei.  This  modification  dramati¬ 
cally  lowered  background  interference  caused  by  contami¬ 
nating  genomic  DNA  and  thus  allowed  better  quantification 
of  apoptotic  responses. 

2.9.  Assessment  of  apoptosis  by  Hoechst  33258  staining 

Cells  were  handled  and  stained  with  Hoechst  33258  as 
described  in  our  previous  publications  [13,14].  Apoptotic 
cells  were  identified  as  those  cells  with  highly  condensed 
nuclei  or  fragmented  nuclei. 

2.10.  Measurements  of  cGMP  levels  by 
enzyme-linked  immunoassay 

Levels  of  cGMP  were  measured  by  an  enzyme-linked 
immunoassay  (Assay  Design)  as  described  previously  [13]. 
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Unpassaged  VSMCs  in  six-well  plates  were  incubated  with 
ANP  for  4  min. 

2.11.  Statistical  analysis 

All  experiments  were  repeated  at  least  three  times, 
representing  an  N  value  of  at  least  4  for  each  study.  The 
results  are  expressed  as  mean±S.E.M.  Statistical  analysis 
was  carried  out  by  ANOVA  (PRISM  software,  version  3.0; 
GraphPad,  San  Diego,  CA,  USA),  followed  by  Dunnett’s 
post  hoc  test.  Statistical  significance  was  inferred  at  P<.05. 


3.  Results 

3.1.  Both  PKG-la  and  PKG-I P  isoforms  are  expressed  in 
unpassaged  and  early-passaged  mouse  aortic  VSMCs 

Previous  studies  have  reported  that  rat  aortic  VSMCs 
possess  dramatically  reduced  expression  levels  of  PKG  after 
repeated  passaging  of  the  cells,  which  resulted  in  an  apparent 
loss  of  PKG  as  the  cells  became  phenotypically  modulated 
[1,24,28].  However,  it  was  not  clear  from  these  earlier  studies 
which  isoform  of  PKG-I  was  diminished  during  passaging. 

The  present  study  determined  expression  levels  of  the  two 
different  PKG-I  isofonns  in  mouse  aortic  VSMCs  in  Passage 
0  (unpassaged),  Passage  1,  and  Passage  2  as  well  as  in 
freshly  isolated  aorta,  assessed  by  Western  blot  analysis  (Fig. 
1).  NG108-15  cells  were  used  as  a  positive  control  for  PKG- 
la  expression.  Previous  studies  from  our  laboratory  had 
shown  that  NG108-15  cells  express  predominately  PKG-la 
and  that  basal  activation  of  this  protein  kinase  is  essential  for 
protection  against  both  spontaneous  and  toxin-induced 
apoptosis  [9,10,12].  Also,  recombinant  PKG-la  (approxi¬ 
mate  molecular  weight=76.2  kDa)  and  PKG-I[J  (approxi¬ 
mate  molecular  weight=77.8  kDa)  were  used  as  standards. 
Electrophoretic  conditions  were  optimized  to  separate  and 
identify  the  two  PKG-I  isoforms. 


Fig.  1  shows  that  both  PKG-la  and  PKG-ip  are 
expressed  at  high  levels  in  freshly  isolated  aorta,  thus 
confirming  a  previous  report  showing  PKG-1  isofonns 
expression  in  various  mouse  tissues  [34].  Levels  of  both 
PKG-la  and  PKG-I(3  were  diminished  (but  clearly  not  lost) 
in  cultured  VSMCs,  compared  to  freshly  isolated  aorta, 
beginning  as  early  as  Passage  0.  This  reduction  in  PKG 
expression  likely  resulted  from  exposure  to  serum  factors 
known  to  decrease  PKG  expression  [25].  However,  it  is 
important  to  emphasize  that  cultured  unpassaged  VSMCs 
still  expressed  both  isoforms  of  PKG-I,  which  could 
potentially  mediate  functional  activity  (e.g.,  regulation  of 
apoptosis  and  proliferation). 

3.2.  At  lower/physiological  concentrations,  NO  has 
anti-apoptotic  effects,  whereas  at  higher/pathological 
concentrations,  NO  has  pro-apoptotic  effects  in 
unpassaged  VSMCs 

Fig.  2  shows  the  effects  of  the  NO  donor  .S'-nitroso- 
acetylpenacillamine  (SNAP),  in  a  wide  concentration  range 
from  10  to  1000  pM  (representing  physiological  to 
pathological  concentrations  of  NO)  on  apoptosis  in  unpas¬ 
saged  VSMCs.  SNAP  is  known  to  release  NO  at  a  slow  rate, 
generating  NO  at  a  concentration  that  is  0.1%  [35]  to  0.3% 
[36]  of  the  original  SNAP  concentration.  Thus,  SNAP  at  10 
pM  would  generate  NO  at  10-30  nM  (physiological  levels), 
whereas  SNAP  at  1000  pM  would  generate  NO  at  1-3  pM 
(pathological  levels).  The  physiological  levels  of  NO  that  are 
generated  by  healthy  endothelial  cells  during  normal 
regulation  of  vascular  tone  are  1-30  nM,  whereas  the 
pathological  levels  of  NO  generated  by  activated  macro¬ 
phages  during  severe  inflammation  are  1-4  pM  [37,38]. 

Panel  A  of  Fig.  2  shows  a  concentration-dependent 
increase  in  intracellular  PKG  activity  in  VSMCs  exposed  to 
SNAP  (10-1000  pM),  indicated  by  increased  levels  of 
phosphorylation  of  VASP  at  serine  239  (a  site  selective  for 
PKG)  [33],  Panel  B  shows  the  effects  of  SNAP  on  apoptosis 
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Fig.  1.  Western  blot  analysis  showing  protein  expression  levels  of  the  PKG  isoforms  in  cultured  VSMCs  from  mouse  aorta.  Both  PKG-I  isoforms,  PKG-la  and 
PKG-I(3,  are  expressed  in  freshly  isolated  aorta  as  well  as  in  cultured  VSMCs  at  Passage  0  (P0)  (i.e.,  unpassaged),  Passage  1  (PI),  and  Passage  2  (P2).  Although 
expression  levels  of  both  isofonns  are  diminished  during  culturing,  compared  to  freshly  isolated  aorta,  both  PKG-la  and  PKG-ip  continue  to  be  expressed  at 
detectable  levels  in  unpassaged  primary  cultures  and  passaged  cultures  of  the  VSMCs.  As  a  positive  control  for  PKG-la  expression,  cell  lysates  of  NG 108- 15 
neuroblastoma-glioma  hybrid  cells  were  included.  [5-Actin  was  used  as  the  loading  control.  Similar  results  were  obtained  in  three  additional  experiments. 
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Fig.  2.  The  NO  donor  SNAP  at  lower  concentrations  (10  and  50  |iM)  significantly  reduces,  whereas  at  higher  concentrations  (500  and  1000  jiM)  significantly 
elevates,  the  levels  of  apoptosis  in  unpassaged  VSMCs.  (A)  SNAP  at  10-1000  pM  (10  min)  caused  concentration-dependent  elevations  of  phosphorylation  of 
the  PKG-substrate  protein  VASP,  indicating  that  endogenous  PKG  in  the  VSMCs  is  activated  by  SNAP  throughout  the  concentration  range  used  for  testing  the 
effects  on  apoptosis.  This  Western  blot  used  an  antibody  that  specifically  recognizes  the  phosphorylation  of  VASP  at  serine  239,  the  site  selectively 
phosphorylated  by  PKG.  Similar  effects  were  observed  in  three  other  Western  blots.  (B)  Biphasic  effects  on  apoptosis  (decreased  apoptosis  at  lower 
concentrations  and  increased  apoptosis  at  higher  concentrations)  in  the  unpassaged  mouse  aortic  VSMCs  exposed  to  increasing  concentrations  of  SNAP, 
assessed  by  Hoechst  33258  staining.  Similar  results  were  obtained  in  three  additional  experiments.  (C)  Graph  showing  the  percent  of  cells  that  were  apoptotic  in 
the  experiments  using  Hoechst  33258  staining  from  Panel  B.  N=  4  for  each  treatment  group.  (D)  Levels  of  apoptosis  in  the  VSMCs  exposed  to  increasing 
concentrations  of  SNAP,  quantified  by  measuring  levels  of  apoptotic  DNA  fragmentation  using  the  Cell  Death  Detection  ELISA.  Cells  were  incubated  under 
serum-free  conditions  for  72  h  with  or  without  additional  SNAP.  The  data  represent  the  mean±S.E.M.  from  four  experiments.  *P<.05,  **P<.01,  ***P<.001. 


in  the  VSMCs,  indicated  by  morphological  changes  in  the 
nuclei  of  Hoechst-stained  cells.  SNAP  at  the  higher 
concentrations  (500  and  1000  pM)  induced  apoptosis,  like 
shown  before  in  passaged  VSMCs  [16],  At  the  lower 
concentrations  (10  and  50  pM),  however,  SNAP  caused  the 
opposite  effect,  i.e.,  a  decrease  in  the  number  of  apoptotic 
cells.  Panel  C  shows  a  graph  indicating  the  %  of  cells  that 
were  apoptotic  (by  Hoechst  staining,  same  cells  as  in  Panel 
B).  SNAP  at  10  and  50  pM  significantly  decreased  the  levels 
of  apoptosis,  whereas  SNAP  at  500  and  1000  pM 
significantly  increased  the  levels  of  apoptosis.  Panel  D 
shows  the  results  of  an  additional  study  in  which  apoptosis 
was  measured  by  DNA-ffagmentation  ELISA  (Cell  Death 
Detection  ELISA)  technique.  SNAP  at  lower  concentrations, 
10  pM  (P<.Q  I )  and  50  pM  (,P<. 05),  significantly  decreased 
apoptotic  levels  and  at  a  higher  concentration,  500  pM 


(P<.001),  caused  an  elevation  in  the  levels  of  apoptosis.  The 
data  are  consistent  with  the  concept  that  low-level  activation 
of  PKG  by  lower  (physiological)  levels  of  NO  protects 
against  apoptosis,  whereas  high-level  activation  of  PKG 
by  higher  (pathological)  levels  of  NO  promotes  the  onset 
of  apoptosis. 

3.3.  Prior  stimulation  of  PKG  activity  in  unpassaged 
VSMCs  by  pretreatment  with  ANP  or  8-Br-cGMP  protects 
these  cells  against  high-level,  NO-induced  apoptosis 

To  test  whether  prior  activation  of  PKG  has  cytoprotec- 
tive  effects,  two  agents  were  used:  8-bromo-cGMP  (8-Br- 
cGMP),  which  is  a  cell-permeable  cGMP  analog  that  directly 
activates  PKG  [10,39],  and  ANP,  a  cardiac  hormone  that 
indirectly  activates  PKG.  ANP  is  known  to  stimulate  cell- 
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surface  ANP  receptors  that  possess  particulate  guanylyl 
cyclase  activity  on  the  intracellular  side,  resulting  in  elevated 
levels  of  cGMP  and  downstream  enhanced  activation  of 
PKG  in  mammalian  cells  [6,7]. 

Panel  A  of  Fig.  3  shows  that  pretreatment  of  VSMCs  with 
8-Br-cGMP  for  24  h  before  the  induction  of  apoptosis  with 
high-level  SNAP  (1  mM)  causes  significant  (P<.01) 
protection  against  the  induction  of  apoptosis.  Because  8- 
Br-cGMP  is  metabolized  by  many  phosphodiesterases, 
which  can  shorten  and  diminish  8-Br-cGMP’s  ability  to 
activate  PKG  in  VSMCs  [40],  relatively  high  concentrations 
of  this  cGMP  analog  were  needed  to  show  significant 
cytoprotective  effects. 

To  avoid  the  problem  of  transient  PKG  stimulation, 
further  studies  used  preincubations  with  ANP.  The  natri¬ 
uretic  peptides,  including  ANP  and  a  related  peptide,  B-type 
(brain)  natriuretic  peptide,  are  known  to  cause  prolonged 
stimulation  of  the  cGMP/PKG  pathway  in  mammalian  cells 
[11,41],  Panel  B  of  Fig.  3  shows  that  preincubation  with 
ANP  causes  complete  protection  against  high-level,  SNAP- 
induced  apoptosis,  even  when  ANP  was  used  at  a 
concentration  as  low  as  10  nM  (*/5<.05).  Panel  C  of  Fig.  3 
shows  that  these  cells  possess  functional  ANP  receptors  and 
respond  to  ANP  exposure  with  increases  in  cGMP  levels. 

3.4.  Basal  PKG  activity  in  unpassaged  VSMCs  protects 
against  induction  of  apoptosis  by  serum  removal 

To  further  investigate  pro-apoptotic/anti-apoptotic  effects 
of  cGMP/PKG  pathway,  the  effects  on  apoptosis  of  PKG 
inhibitors  were  studied.  DT-2  and  DT-3  are  two  recently 
developed  highly  selective  inhibitors  of  PKG-I  activity  [29- 


31].  Unlike  other  PKG  inhibitors  that  are  commercially 
available,  DT-2  and  DT-3  effectively  inhibit  not  only 
stimulated  PKG  activity  but  also  basal  PKG  activity  [29,30]. 

Fig.  4  shows  the  effects  of  these  PKG  inhibitors  on 
apoptotic  levels  in  unpassaged  VSMCs,  both  in  the  presence 
(+S)  and  absence  (-S)  of  serum  over  72  h.  The  PKG 
inhibitors  had  no  significant  effect  on  apoptotic  levels  in  the 
presence  of  serum.  However,  in  the  absence  of  serum,  DT-2 
(250  nM)  and  DT-3  (250  nM)  significantly  (Rc.OOl) 
enhanced  the  pro-apoptotic  effects  of  serum  removal  by 
twofold  and  threefold,  respectively,  suggesting  that  basal 
PKG  activity  in  unpassaged  VSMCs  is  providing  an  anti- 
apoptotic/pro-survival  signal  that  protected  these  cells 
against  the  induction  of  apoptosis  caused  by  the  loss  of 
serum  survival  factors. 

A  previous  study  had  shown  that  pretreatment  of  rabbit 
aortic  VSMCs  (in  Passages  5  to  9)  with  the  PKG  inhibitor 
Rp-8-pCPT-cGMPS  caused  complete  inhibition  of  SNAP 
(0.5  mM)-induced  apoptosis,  suggesting  that  PKG  activation 
was  involved  in  mediating  the  pro-apoptotic  effects  of  high- 
level  NO  [16].  In  the  present  study,  we  performed  similar 
experiments,  but  used  unpassaged  mouse  aortic  VSMCs  and 
the  highly  selective  PKG  inhibitor  DT-2.  Panel  B  of  Fig.  4 
shows  that  DT-2  (250  nM),  when  added  before  SNAP  (1 
mM),  was  not  capable  of  inhibiting  the  pro-apoptotic  effects 
of  SNAP.  Rather,  DT-2  and  SNAP  (high  concentration)  had 
additive  effects  in  causing  induction  of  apoptosis  in 
unpassaged  mouse  aortic  VSMCs.  Thus,  unlike  in  the 
multiply  passaged  rabbit  aortic  VSMCs,  the  high-concen¬ 
tration,  SNAP-induced  apoptosis  in  the  unpassaged  mouse 
aortic  VSMCs  of  the  present  study  appears  not  to  involve 
activation  of  PKG. 


A 


B 


C 


SNAP ImM 


Fig.  3.  Prior  stimulation  of  intracellular  PKG  activity  in  unpassaged  VSMCs  by  pretreatment  for  24  h  with  8-Br-cGMP  (A)  or  atrial  natriuretic  peptide  (ANP)  (B) 
protects  against  high-level,  NO-induced  apoptosis.  (C)  ANP  (100  nM)  significantly  elevates  intracellular  cGMP  levels  in  the  unpassaged  VSMCs,  indicating  the 
presence  of  ANP  receptors  with  particulate  guanylyl  cyclase  activity  in  these  cells.  The  data  represent  the  mean±S.E.M.  from  four  experiments.  *P<.05; 
**P<. 01,  ***p<.001. 
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Fig.  4.  (A)  Inhibition  of  basal  PKG  activity  in  unpassaged  VSMCs,  using  the 
highly  selective  PKG  inhibitors  DT-2  and  DT-3,  significantly  enhances  the 
apoptosis  induced  by  serum  removal  (— S)  over  72  h,  quantified  by  Cell 
Death  Detection  ELISA.  In  the  presence  of  serum  (+S),  DT-2  and  DT-3  had 
no  effect  on  apoptotic  levels.  (B)  When  used  in  combination  with  SNAP  (1 
mM,  in  serum-deprived  unpassaged  VSMCs),  DT-2  (250  nM)  was  not  able 
to  block  the  induction  of  apoptosis  caused  by  SNAP.  The  data  represent  the 
mean±S.E.M.  of  four  experiments.  ***P<.001. 

3.5.  Basal  PKG  activity  promotes  cell  proliferation  and  de 
novo  DNA  synthesis  in  unpassaged  VSMCs 

Fig.  5  shows  the  effects  of  the  PKG  inhibitors  DT-2  and 
DT-3  on  serum-induced  proliferation  of  unpassaged  VSMCs, 
assessed  by  measuring  increases  in  cell  number  over  3  days  in 
primary  culture.  DT-2  at  250  nM  and  1000  nM  (72  h) 
significantly  (P<.001)  decreased  proliferation  by  65%  and 
82%,  respectively.  DT-3  significantly  lowered  the  rate  of  cell 
proliferation  at  all  concentrations  between  25  and  1000  nM. 

Fig.  6  shows  the  results  of  other  experiments  using  MTT 
assay  to  measure  cell  proliferation  (A)  and  BrdU  incorpora¬ 
tion  to  measure  de  novo  synthesis  of  DNA  (B).  Panel  A 


Fig.  5.  Inhibition  of  basal  PKG  activity  in  unpassaged  VSMCs,  using  the 
highly  selective  PKG  inhibitors  DT-2  (A)  and  DT-3  (B),  dramatically  and 
significantly  reduces  the  cell  proliferation  rate,  assessed  by  measuring  the 
increase  in  number  of  cells  over  3  days.  The  data  represent  the  mean±S.E.M. 
of  six  experiments.  ***P<.001. 

shows  that  inhibition  of  basal  PKG  activity  with  DT-2  (250 
and  1000  nM)  significantly  (P<.001)  decreased  the  rate  of 
cell  proliferation  by  43%  and  53%,  respectively.  Similar 
results  were  obtained  using  DT-3.  Panel  B  shows  that  DT-2  at 
125  nM  CPc.001),  250  nM  (P<.001),  and  1000  nM  (P<.05) 
significantly  decreased  the  rate  of  DNA  synthesis.  Similar 
inhibition  of  DNA  synthesis  was  obtained  with  DT-3. 

4.  Discussion 

Hyperstimulation  of  the  cGMP/PKG  signaling  pathway 
in  VSMCs,  caused  by  exposure  to  high  concentrations  of  NO 
mimicking  pathological  conditions,  is  reported  to  cause 
apoptosis  [15,16].  However,  NO  is  also  known  to  have  anti- 
apoptotic/cytoprotective  effects  in  many  other  types  of  cells, 
including  vascular  endothelial  cells  [42],  uterine  epithelial 
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Fig.  6.  Inhibition  of  basal  PKG  activity  in  unpassaged  VSMCs,  using  DT-2  and  DT-3,  significantly  lowers  the  cell  proliferation  rate,  assessed  by  MTT  assay  (A), 
and  the  rate  of  de  novo  DNA  synthesis,  assessed  by  BrdU  incorporation  (B).  The  data  represent  the  mean±S.E.M.  of  four  experiments  .  *P<.05,  ***P<.001. 


cells  [12],  human  ovarian  cancer  cells  [13,14],  and  many 
types  of  neural  cells  [9- 1 1  ] .  In  the  case  of  the  neural,  uterine 
epithelial,  and  ovarian  cancer  cells,  the  anti-apoptotic  effects 
of  NO  are  thought  to  involve  basal  or  low-level  activation  of 
PKG.  The  differences  in  the  effects  of  NO  on  apoptosis  may 
depend  on  differences  in  cell  type  and/or  levels  of  activation 
of  the  cGMP/PKG  pathway.  In  VSMCs,  PKG  activation 
may  have  a  dual  role,  i.e.,  mediating  pro-apoptotic  effects  at 
high/pathological  levels  of  activation  and  anti-apoptotic 
effects  at  lower/basal  levels  of  activation.  Another  issue 
complicating  interpretation  of  PKG’s  role  in  regulating 
apoptosis  in  VSMCs  is  the  previous  widespread  use  of 
repeatedly  passaged  (phenotypically  modulated)  VSMCs, 
rather  than  primary  unpassaged  VSMCs.  A  goal  of  the 
present  study  was  to  clarify  whether  PKG,  at  basal  or 
moderately  elevated  levels  of  activation,  contributes  to  the 
regulation  of  apoptosis  in  unpassaged  VSMCs. 

Early  studies  of  VSMC  proliferation  showed  that  high- 
level  stimulation  of  the  cGMP/PKG  pathway,  using  high/ 
pathological  concentrations  of  NO  donors  or  natriuretic 


peptides,  causes  anti-proliferative  effects  [1,43,44].  Howev¬ 
er,  other  data  suggest  that  this  NO/cGMP -mediated  inhibi¬ 
tion  of  proliferation  in  VSMCs  may  instead  involve  cross¬ 
activation  of  c AMP-dependent  protein  kinase  [1].  Also, 
recent  studies  using  knockout  mice  deficient  in  the 
expression  of  PKG  in  the  VSMCs  suggest  that  the  PKG 
expressed  in  wild-type  VSMCs  tends  to  promote,  rather  than 
inhibit,  proliferation  [2,43,44].  Thus,  the  role  of  PKG  in 
regulating  VSMC  proliferation  appears  contradictory.  How¬ 
ever,  as  with  apoptosis  regulation,  the  differences  in 
proliferative  responses  mediated  by  PKG  may  have  resulted 
from  differences  in  PKG  activation  levels  (i.e.,  basal 
activation  vs.  hyperactivation). 

The  present  study  shows  that  cultures  of  mouse  aortic 
VSMCs  in  primary  cultures  have  noticeably  reduced  protein 
expression  levels  of  PKG,  compared  with  freshly  isolated 
aorta,  but  clearly  do  not  lose  the  PKG  expression.  Both 
PKG-Ia  and  PKG-1[J  isoforms  continue  to  be  expressed  in 
these  VSMCs  during  culturing.  The  decrease  in  PKG  protein 
levels  is  likely  due  to  exposure  to  serum  factors,  such  as 
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PDGF,  known  to  reduce  PKG  expression  [25],  Even  though 
the  expression  levels  of  PKG  are  reduced  in  the  cultured 
unpassaged  VSMCs,  as  compared  to  freshly  isolated 
uncultured  VSMCs,  the  lower-level  expression  of  PKG  in 
the  cultured  unpassaged  VSMC  plays  an  important  role  in 
protecting  these  cells  against  the  induction  of  apoptosis  by 
toxic  levels  of  NO  and  in  promoting  cell  proliferation 
stimulated  by  serum  factors,  indicated  by  the  data  of  the 
present  study. 

The  present  study  used  the  NO  donor  SNAP  in  a  wide 
concentration  range  to  mimic  exposures  to  low  levels 
(physiological  levels)  and  high  levels  (pathological  levels) 
of  NO.  At  lower  concentrations  of  SNAP  (10-50  pM), 
representing  physiological  concentrations  (10-150  nM)  of 
NO,  apoptotic  levels  were  significantly  reduced  in  the 
unpassaged  VSMCs,  consistent  with  a  cytoprotective  role 
of  NO  when  present  at  physiological  concentrations.  In 
contrast,  at  higher  concentrations  of  SNAP  (500-1000  pM), 
representing  pathological  concentrations  (0.5-3  pM)  of  NO, 
SNAP  increased  the  levels  of  apoptosis  in  the  unpassaged 
VSMCs,  similar  to  results  shown  in  a  previous  study  [16]. 

At  the  lower  physiological  concentrations,  NO  is  known  to 
stimulate  soluble  guanylyl  cyclase,  causing  modest  increases 
in  cGMP  levels  and  PKG  activation  in  mammalian  cells 
[1,2,4-6,10,39].  This  was  confirmed  in  the  present  study 
using  unpassaged  VSMCs  by  showing  that  SNAP,  at 
concentrations  as  low  as  10  pM  (representing  NO  concentra¬ 
tions  of  10-30  nM),  increases  the  level  of  phosphorylation  of 
VASP,  an  intracellular  substrate  of  PKG  (shown  in  Panel  A  of 
Fig.  2).  This  intracellular  activation  of  PKG  by  the  low-level 
NO  corresponds  to  the  cytoprotective/anti-apoptotic  effects 
in  VSMCs  (shown  in  Panels  B-D  of  Fig.  2).  The  present  data 
suggest  that  the  NO/cGMP/PKG  signaling  pathway,  at  basal 
or  moderately  elevated  activity,  serves  a  cytoprotective/anti- 
apoptotic  role  in  the  unpassaged  VSMCs. 

Healthy  endothelium  lining  the  arteries,  even  without 
exposure  to  acetylcholine  or  other  vasodilatory  agents,  is 
known  to  continually  release  low  levels  of  NO  capable  of 
causing  moderate  stimulation  of  intracellular  PKG  activity 
(to  levels  approximately  30%  of  maximal  activity)  within 
VSMCs,  which  provides  a  continual  vasodilatory  effect  that 
counteracts  the  effects  of  vasoconstrictors  [4-6],  The  data  of 
the  present  study  suggest  that  this  moderate  PKG  activation 
by  endothelium-derived  NO  in  healthy  blood  vessels  may 
serve  an  additional  physiological  function,  i.e.,  providing  a 
continual  cytoprotective/anti-apoptotic  effect  in  VSMCs, 
protecting  against  spontaneous  or  toxin-induced  apoptosis. 
This  low/moderate  activation  of  the  cGMP/PKG  signaling 
pathway  in  VSMCs  may  become  diminished  during  certain 
conditions,  such  as  aging  and  diabetes  mellitus,  which  are 
associated  with  reduced  bioavailability  of  NO  [10,45], 
Predictably,  VSMCs  may  be  at  higher  risk  of  apoptotic  cell 
death  during  aging  and  diabetes  mellitus  because  of  the 
diminished  NO/cGMP/PKG-mediated  cytoprotective 
effects,  potentially  contributing  to  the  development  of 
cardiovascular  pathologies. 


The  present  study  also  shows  that  prior  stimulation  of 
PKG  by  24-h  pretreatment  with  ANP  (an  activator  of  PKG) 
completely  protects  VSMCs  against  the  pro-apoptotic/ 
cytotoxic  effects  of  high-level  NO.  Previous  studies  from 
our  laboratory  have  shown  that  ANP  at  these  same 
concentrations  is  capable  of  moderately  stimulating  PKG 
activity  in  VSMCs  [6,7].  Thus,  prior  moderate  stimulation  of 
PKG  in  VSMCs,  by  both  circulating  natriuretic  peptides  and 
low-level  NO  continually  released  from  the  endothelium, 
may  play  an  important  physiological  role  to  protect  against 
the  induction  of  apoptosis  that  could  occur  because  of 
exposure  of  VSMCs  to  high/toxic  levels  of  NO,  as,  for 
example,  during  severe  inflammation. 

The  present  study  also  shows  that  inhibition  of  basal  PKG 
activity  using  the  highly  selective  PKG  inhibitors  DT-2  and 
DT-3  significantly  enhances  the  induction  of  apoptosis 
caused  by  serum  removal  (see  Fig.  4).  Thus,  basal  PKG 
activity  appears  to  play  an  important  role  in  protecting 
against  the  onset  of  apoptosis  during  the  stressful  condition 
of  serum  depletion.  When  DT-2  was  added  before  SNAP  (1 
mM),  the  induction  of  apoptosis  caused  by  the  high 
concentration  of  NO  was  enhanced.  This  is  in  contrast  to 
the  complete  inhibition  of  SNAP-induced  apoptosis  caused 
by  PKG  inhibition  with  Rp-8-pCPT-cGMPS  in  multiply 
passaged  rabbit  aorta  VSMCs  [16],  which  had  suggested  that 
apoptosis  induced  by  high-level  NO  involved  hyperactiva¬ 
tion  of  PKG.  In  the  present  study,  using  unpassaged  mouse 
aortic  VSMCs,  it  appears  that  the  predominant  role  of  PKG 
is  to  prevent  the  onset  of  apoptosis.  Another  reason  for  the 
opposite  effects  of  PKG  inhibition  in  our  study  vs.  the  study 
by  Pollman  et  al.  [16]  may  be  related  to  the  difference  in  the 
two  PKG  inhibitors  used.  For  example,  Rp-8-pCPT-cGMPS 
inhibits  only  stimulated  PKG  activity  (and  does  not  inhibit 
basal  PKG  activity),  whereas  DT-2  inhibits  both  stimulated 
and  basal  PKG  activity  [29],  Additionally,  Rp-8-pCPT- 
cGMPS  can  actually  stimulate  PKG  activity  under  basal 
conditions  (i.e.,  in  the  absence  of  elevated  cGMP  levels), 
opposite  to  the  strong  inhibitory  effects  of  DT-2  [29]. 

Previous  studies  had  suggested  that  NO/cGMP/PKG 
pathway  mediates  antiproliferative  effects  in  VSMCs,  which 
may  be  responsible  for  the  anti-atherogenic  effects  of  NO. 
For  example,  NO  (at  high/pathological  levels)  was  shown  to 
inhibit  VSMC  growth  in  vitro  and  this  response,  at  least 
originally,  was  thought  to  involve  elevation  of  cGMP  levels 
and  stimulation  of  PKG  activity  [1,43,44],  However,  in  other 
studies,  stimulation  of  PKG  activity  in  primary  VSMCs  by 
adding  cGMP  analogs  or  NO  at  low/physiological  concen¬ 
trations  was  shown  to  enhance,  not  inhibit,  DNA  synthesis 
and  proliferation  rates  induced  by  certain  growth  factors, 
such  as  fibroblast  growth  factor-2  [46,47]  or  PDGF  [44], 
Interestingly,  the  ability  of  cGMP  analogs  and  low-level  NO 
to  enhance  PDGF-induced  DNA  synthesis  and  proliferation 
was  lacking  in  VSMCs  that  had  genetic  deletion  of  PKG, 
suggesting  that  PKG  may  be  responsible  for  promoting 
PDGF-induced  mitogenesis  [44],  Also,  a  recent  study  has 
shown  that  low  (physiological)  concentrations  of  NO,  when 
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added  to  VSMCs  grown  in  2%  FBS,  have  stimulatory  effects 
on  cell  proliferation  and  DNA  synthesis  [48].  Higher 
concentrations  of  NO  tended  to  counteract  this  stimulatory 
effect  on  proliferation/DNA  synthesis.  These  previous 
studies,  however,  did  not  report  whether  basal  activation  of 
PKG  (i.e.,  PKG  activation  in  the  absence  of  added  cGMP 
analogs  or  NO)  was  involved  in  promoting  VSMC 
proliferation.  The  data  of  the  present  study,  using  two  highly 
selective  PKG  inhibitors,  DT-2  and  DT-3,  have  now  shown 
that  basal  PKG  activation  plays  a  significant  role  in 
promoting  cell  proliferation  and  DNA  synthesis  in  VSMCs. 

Presently,  the  downstream  cellular  mechanisms  mediat¬ 
ing  these  anti-apoptotic  and  growth-promoting  effects  of 
basal  PKG  activity  in  VSMCs  are  not  clear.  A  possible 
mechanism  may  be  activation  of  the  MAP  kinases,  ERK1/2 
and  JNK.  For  example,  pharmacological  stimulation  of  PKG 
activity  in  phenotypically  normal  VSMCs  has  been  shown  to 
activate  both  ERK1/2  and  JNK  [49].  Further  studies  will  be 
needed  to  determine  whether  activation  of  ERK1/2  and/or 
JNK  is  involved  in  the  enhanced  cell  proliferation  and  DNA 
synthesis  in  VSMCs  caused  by  the  basal  PKG  activity. 

In  conclusion,  the  present  data  suggest  that  PKG  activity, 
at  basal  and  moderately  elevated  levels,  plays  a  key  role  in 
preventing  the  apoptosis  induced  by  high/pathological  levels 
of  NO  in  VSMCs.  Hyperactivation  of  PKG  may  not  be  the 
primary  mechanism  mediating  the  pro-apoptotic  effects  of 
high-level  NO  in  the  unpassaged  VSMCs,  because  this 
apoptosis  was  not  reduced  by  PKG  inhibition  with  DT-2. 
Rather,  the  toxic/pro-apoptotic  effects  of  high-level  NO  in 
these  cells  are  more  likely  mediated  by  other  toxic 
mechanisms,  such  as  nitration  and  the  formation  of 
peroxynitrite  [35,37,38],  The  data  of  the  present  study 
further  suggest  that,  unlike  hyperactivation  of  PKG,  which 
causes  inhibition  of  VSMC  proliferation,  the  basal  PKG 
activation  promotes  DNA  synthesis  and  cell  proliferation  in 
VSMCs.  These  findings  suggest  that  basal  and  moderately 
elevated  levels  of  PKG  activity  in  VSMCs,  although  capable 
of  suppressing  the  development  of  hypertension  because  of 
the  vasodilatory  effects,  may  also  play  an  important  role  in 
promoting  the  abnormal  growth  of  vascular  tissue  associated 
with  the  development  of  atherosclerosis. 
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ABSTRACT 

Inappropriate  signaling  conditions  within  bone  marrow  stromal  cells  (BMSCs)  can  lead  to  loss  of  BMSC  survival,  contributing  to  the  loss  of  a 
proper  micro-environmental  niche  for  hematopoietic  stem  cells  (HSCs),  ultimately  causing  bone  marrow  failure.  In  the  present  study,  we 
investigated  the  novel  role  of  endogenous  atrial  natriuretic  peptide  (ANP)  and  the  nitric  oxide  (NO)/cGMP/protein  kinase  G  type-la  (PKG-la) 
signaling  pathway  in  regulating  BMSC  survival  and  proliferation,  using  the  0P9  BMSC  cell  line  commonly  used  for  facilitating  the 
differentiation  of  HSCs.  Using  an  ANP-receptor  blocker,  endogenously  produced  ANP  was  found  to  promote  cell  proliferation  and  prevent 
apoptosis.  NO  donor  SNAP  (S-nitroso-N-acetylpenicillamine)  at  low  concentrations  (10  and  50  p.M),  which  would  moderately  stimulate  PKG 
activity,  protected  these  BMSCs  against  spontaneous  apoptosis.  YC-1,  a  soluble  guanylyl  cyclase  (sGC)  activator,  decreased  the  levels  of 
apoptosis,  similar  to  the  cytoprotective  effects  of  low-level  NO.  ODQ  (lH-[l,2,4]oxadiazolo[4,3,-a]quinoxalin-l-one),  which  blocks 
endogenous  NO-induced  activation  of  sGC  and  thus  lowers  endogenous  cGMP/PKG  activity,  significantly  elevated  apoptotic  levels  by 
2.5-  and  three-fold.  Pre-incubation  with  8-Bromo-cGMP  or  ANP,  which  bypass  the  ODQ  block,  almost  completely  prevented  the  ODQ-induced 
apoptosis.  A  highly-specific  PKG  inhibitor,  DT-3,  at  20,  and  30  ptM,  caused  1.5-  and  two-fold  increases  in  apoptosis,  respectively.  ODQ  and 
DT-3  also  decreased  BMSCs  proliferation  and  colony  formation.  Small  Interfering  RNA  gene  knockdown  of  PKG-la  increased  apoptosis  and 
decreased  proliferation  in  BMSCs.  The  data  suggest  that  basal  NO/cGMP/PKG-Ia  activity  and  autocrine  ANP/cGMP /PKG-la  are  necessary  for 
preserving  0P9  cell  survival  and  promoting  cell  proliferation  and  migration.  J.  Cell.  Biochem.  1 12:  829-839,  2011.  ©  2010  Wiley-Liss,  Inc. 

KEY  WORDS:  PROTEIN  KINASE  G;  BONE  MARROW  STROMAL  CELLS;  PROLIFERATION;  APOPTOSIS 


Bone  marrow  stromal  cells  (BMSCs)  have  been  implicated 
in  a  wide  range  of  clinical  applications  and  regenerative 
medicine,  such  as  tissue  repair  [Kitada  and  Dezawa,  2009], 
myocardial  infarction  [Psaltis  et  al.,  2008]  and  neurodegenerative 
diseases  [Sadan  et  al.,  2009].  BMSCs  were  first  characterized  by 
Friedenstein  et  al.  [1968]  as  an  adherent,  fibroblast-like  population 
in  the  adult  bone  marrow.  Multipotent  BMSCs  are  capable  of 
differentiating  along  the  mesenchymal  lineage  to  form  bone,  fat, 
and  cartilage  [Caplan,  1991;  Hassan  and  El-Sheemy,  2004]  and 
potentially  could  be  used  to  regenerate  other  tissues.  Also,  BMSCs 
provide  a  proper  micro-environmental  niche  for  the  growth/ 


cultivation  of  hematopoietic  stem  cells  (HSCs)  [Wilson  and  Trumpp, 
2006].  The  proper  environment  for  HSCs  in  the  bone  marrow 
requires  several  specific  groups  of  cells,  including  endothelial 
cells  and  BMSCs  and,  along  with  the  extracellular  matrix  elements, 
interact  with  HSCs  to  promote/inhibit  their  self  renewal,  differ¬ 
entiation  and  migration. 

Our  early  studies  had  identified  cGMP-dependent  protein 
kinase  (protein  kinase  G,  PKG)  as  a  key  protein  kinase  mediating 
the  vasodilatory  effects  of  nitric  oxide  (NO)  and  atrial  natriuretic 
peptide  (ANP,  ANF,  atriopeptin)  in  blood  vessels,  specifically  by 
relaxing  the  vascular  smooth  muscle  cells  (VSMCs)  within  the  walls 
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of  these  vessels  [Fiscus  et  al.,  1983,  1985;  Fiscus,  1988;  Fiscus 
and  Murad,  1988].  More  recent  studies  from  our  laboratory  have 
shown  that  basal  or  moderately  elevated  PKG  activity  is  essential  for 
the  survival  of  certain  neural  cell  lines,  including  PC  12,  N1E-115 
and  NG108-15  cells  [Fiscus  et  al.,  2001,  2002;  Fiscus,  2002;  Cheng 
Chew  et  al.,  2003;  Johlfs  and  Fiscus,  2010].  Our  laboratory  has 
also  shown  that  basal  PKG  activity  plays  a  similar  cytoprotective 
role  in  preventing  spontaneous  apoptosis  in  primary  murine  VSMCs, 
immortalized  uterine  epithelial  cells,  and  human  ovarian  cancer 
cells  [Chan  and  Fiscus,  2003;  Fraser  et  al.,  2006;  Leung  et  al.,  2008, 
2010;  Wong  and  Fiscus,  2010]. 

Although  research  on  stem  cells  has  increased  drastically  in 
recent  years,  there  are  very  few  studies  on  the  role  of  the  NO/cGMP/ 
PKG  pathway  in  stem  cells  [Krumenacker  et  al.,  2006].  Expression  of 
mRNA  and  protein  levels  of  the  three  NOSs  and  sGC  has  been 
reported  in  mouse  embryonic  stem  (ES)  cells  and  the  expression  of 
PKG  in  ES  cell-derived  cardiomyocytes  is  known  to  increase  during 
differentiation  [Krumenacker  and  Murad,  2006].  Veiy  recently,  the 
NO/cGMP/PKG  signaling  pathway  has  been  proposed  to  promote 
stem  cell-like  characteristics  in  glioma  cells  in  the  tumor 
perivascular  niche  of  medulloglioma  [Charles  et  al.,  2010]. 

In  the  present  study,  the  BMSC  cell  line  OP9  was  used  to 
investigate  the  role  of  endogenous  ANP/cGMP/PKG  and  NO/cGMP/ 
PKG  signaling  pathways  in  BMSCs.  These  cells  are  mouse  BMSCs 
lacking  the  expression  of  macrophage-colony  stimulating  factor, 
making  them  especially  useful  as  a  feeder  layer  for  hematopoietic 
differentiation  down  a  lineage  other  than  monocytes.  0P9  cells  are 
reported  to  augment  the  survival  of  hematopoietic  precursors  and 
progenitors  [Ji  et  al.,  2008],  and  can  be  used  in  a  coculture  system 
with  mouse  ES  cells  and  induced  pluripotent  stem  (iPS)  cells  to 
induce  the  differentiation  of  ES  cells  into  endothelial  cells  [Kelly 
and  Hirschi,  2009]  and  blood  cells  of  erythroid,  myeloid,  and  B 
cell  lineages  [Nakano  et  al.,  1994;  Nakano,  1995;  Kitajima  et  al., 
2003;  Ji  et  al.,  2008],  and  iPS  into  hematopoietic  cell  lineages  [Niwa 
et  al.,  2009], 

MATERIALS  AND  METHODS 


CELL  CULTURE  AND  TISSUE 

OP9  mouse  BMSCs  were  purchased  from  American  Type  Culture 
Collection  (ATCC).  BMSCs  were  cultured  in  a-Minimum  Eagle’s 
Medium  (a  MEM),  supplemented  with  fetal  bovine  serum  (20%), strep¬ 
tomycin  (50  p,g/ml),  and  penicillin  (50  units/ml)  (all  from  Lonza),  and 
cultured  at  37°C  in  an  atmosphere  of  5%  C02/95%  air. 

The  aortas  were  isolated  from  mice  as  previous  described 
[Wong  and  Fiscus,  2010].  The  mice  were  obtained  from  Jackson 
Laboratories.  The  treatment  of  laboratoiy  animals  and  the 
experimental  procedures  of  the  present  study  adhered  to  the  NIH 
Guidelines  for  Animal  Care,  and  were  approved  by  LACUC  at  the 
Nevada  Cancer  Institute. 

PROTEIN  EXTRACTION  AND  WESTERN  BLOTTING  USING 
INFRARED  IMAGING 

For  protein  extraction,  the  cells  were  lysed  using  85°C  hot 
lx  sodium  dodecyl  sulfate  (SDS)  lysis  buffer  (50mmol/L 
Tris-HCL,  pH  6.8,  2%  SDS,  lOmmol/L  dithiolthreitol,  and  10% 


glycerol).  The  supernatant  fractions  were  collected  by  centrifugation 
(15,000g;  lOmin).  The  total  amount  of  protein  in  the  lysates  was 
calculated  from  the  fluorescence-based  protein  quantitation  kit  EZQ 
(Molecular  Probes).  Proteins  were  separated  on  4-12%  polyacry¬ 
lamide  NuPage  gels  (Invitrogen)  and  then  transferred  to  nitrocellu¬ 
lose  membranes.  Membranes  were  blocked  (room  temperature,  1  h) 
with  blocking  buffer  (Rockland  Immunochemicals),  then  incubated 
at  4°C  overnight  with  primary  antibodies  [PKG-Ia/p  (1:1,000), 
p-(ser-239)-vasodilator-stimulated  phosphoprotein  (VASP;  1:500), 
total  VASP  (1:1,000),  eNOS  (1:1,000),  p-(ser-l,177)-eN0S  (1:1,000), 
total  PARP  (1:1,000),  and  cleaved  PARP  (1:1,000)  (all  from  Cell 
Signaling  Technology),  KLF4  (1:1,000)  (Chemicon),  NPR-A  (1:500), 
ANP  (1:1,000),  (3-actin  (1:1,000)  (Santa  Cruz  Biotechnology)]  and 
subsequently  with  secondary  antibodies  labeled  with  infrared  dyes 
(LI-COR  Biosciences)  (1:25,000  in  blocking  buffer;  room  tempera¬ 
ture  for  1  h).  The  membranes  were  scanned  on  the  Odyssey  infrared 
imaging  system  (LI-COR  Biosciences). 

CLONOGENIC  CELL  SURVIVAL  ASSAY 

Clonogenic  assays  were  used  to  assess  the  cell  survival  in  cells  after 
treatment  with  sGC  inhibitor  ODQ,  sGC  activator  YC- 1 ,  and  selective 
PKG-Ia  inhibitor  DT-3  (Calbiochem).  Around  500  cells  per  well  were 
plated  in  six-well  plates,  treated  with  ODQ  (10,  40,  and  100  p,M),  YC- 
1  (5,  10,  20,  40,  and  IOOjjlM)  and  DT-3  (10,  20  and  30  pM)  for  24 h. 
After  the  incubation  period  the  cells  were  washed  with  lx  PBS 
(Lonza)  twice  and  once  with  fresh  media.  Fresh  media  was  added  and 
cells  were  incubated  for  7-10  days  to  form  colonies  (or  until  control 
wells  attain  confluency),  followed  by  staining  with  crystal  violet 
(5  mg/ml  crystal  violet  in  95%  ethanol).  The  number  of  colonies  in 
the  controls  and  treatments  were  counted  and  compared.  Acetic  acid 
(10%)  was  used  to  dissolve  the  ciystal  violet,  and  the  amount  of  color 
was  quantified  with  a  spectrophotometer  at  absorbance  570  nm. 

ASSESSMENT  OF  CELL  PROLIFERATION  BY  MTT  ASSAY 

Proliferation  of  BMSCs  was  measured  by  MTT  assay  (Roche  Applied 
Science),  following  the  protocol  of  the  manufacturer. 

ASSESSMENT  OF  DE  NOVO  DNA  SYNTHESIS  BY  BrdU-(5'Bromo-2- 
deoxyuridine)  ELISA  COLORIMETRIC  ASSAY 

The  rate  of  DNA  synthesis  of  BMSCs  was  measured  by  BrdU  ELISA 
assay  (Roche  Applied  Science),  following  protocol  of  the  manu¬ 
facturer.  Cells  were  seeded  in  96-well  microplates  (1  x  103  cells  per 
well)  and  incubated  at  37°C  in  5%  C02  for  24  h,  followed  by 
treatment  for  72  h  with  BrdU  label. 

ASSESSMENT  OF  APOPTOSIS  BY  CELL  DEATH  DETECTION 
ELISA  PLUS 

The  Cell  Death  Detection  ELISAplus  assay  (Roche  Applied  Science), 
based  on  quantitative  sandwich-enzyme-immunoassay-principle 
with  monoclonal  antibodies  directed  against  DNA  and  histones, 
were  used  to  quantify  apoptotic  levels  in  BMSCs  treated  with  ODQ, 
SNAP,  YC-1,  and  DT-3  (Calbiochem),  8-Br-cGMP  (Sigma)  and  ANP 
(Phoenix  Pharmaceuticals).  Procedures  followed  the  manufacturer’s 
protocol,  with  the  following  exception.  A  longer  centrifugation 
time  (i.e.,  30  min,  instead  of  the  recommended  10  min),  after  cell 
permeation  for  releasing  apoptotic  fragments  of  DNA,  was  used  in 
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order  to  obtain  a  cleaner  separation  of  apoptotic  DNA  fragments 
from  genomic  DNA  in  cell  nuclei.  This  modification  dramatically 
lowered  background  interference  caused  by  contaminating  genomic 
DNA  and  thus  allowed  better  quantification  of  apoptotic  responses. 

MEASUREMENTS  OF  cGMP  LEVELS  BY 
ENZYME-LINKED-IMMUNOASSAY 

Levels  of  cGMP  were  measured  by  an  enzyme-linked  immunoassay 
(Assay  Designs)  as  described  previously  [Wong  and  Fiscus,  2010]. 

SMALL  INTERFERING  RNA  (siRNA)  GENE  KNOCKDOWN 

For  siRNA-mediated  silencing  of  gene  expression,  cells  were 
transfected  with  50nmol/L  and  lOOnmol/L  Stealth1  M  RNAi  (siRNA, 
5 ’ - G AGG AAGACUUUGCC AAG AUU CU C A- 3 ’)  for  specifically  tar¬ 
geting  the  expression  of  PKG-Ia  (Invitrogen).  Transfection  of  BMSCs 
was  conducted  using  RNAiMAX  (Invitrogen).  Non-silencing  siRNA 
(Invitrogen)  was  used  as  the  negative  control.  At  72  h  after 
transfection,  the  culture  medium  was  changed  and  fresh  medium 
was  supplied.  The  cells  were  used  in  experiments  16  h  later. 

IN  VITRO  CELL  MIGRATION  (INVASION)  ASSAY 

Migration  of  cells  was  assessed  using  transwells  (Corning)  contain¬ 
ing  inserts  with  polycarbonated  filter  of  8  p,M  pore  size.  The  inserts  were 
coated  with  growth  factor-reduced  matrigel  (BD  Bioscience)  at  37°C  for 
30  min.  The  upper  chamber  contained  4  x  104  cells  in  0.1  ml  complete 
medium  mixed  with  inhibitors  or  DMSO  (control).  The  lower  chamber 
contained  0.6  ml  of  complete  medium  with  the  same  concentration  of 
the  inhibitors  or  DMSO.  Migration  through  the  membrane  was 
determined  after  24  h  of  incubation  at  37°C.  Cells  remaining  on  the 
topside  of  the  transwell  membrane  were  removed  using  a  cotton  swab. 
The  membrane  was  washed  with  ice-cold  PBS.  Cells  that  had  migrated 
to  bottom  side  were  stained  with  0.5°/o  crystal  violet. 

STATISTICAL  ANALYSIS 

Results  are  expressed  as  the  mean  ±  standard  error  of  at  least  four 
independent  experiments.  Statistical  analysis  was  performed  by 
one-  or  two-way  ANOVA  using  GraphPad  (PRISM  software). 
Bartlett’s  tests  were  used  to  establish  the  homogeneity  ofvariance  on 
the  basis  of  the  differences  among  standard  deviations.  Differences 
between  experimental  groups  were  determined  by  the  Dunnett’s  test. 
A  value  of  P  <  0.05  was  considered  to  be  significant. 


RESULTS 


To  investigate  the  role  of  endogenous  ANP  and  the  NO/cGMP /PKG- 
Ia  signaling  pathway  in  regulating  BMSC  survival  and  proliferation, 
inhibitors  and  activators  of  the  signaling  pathway  as  well  as  gene 
knockdown,  utilizing  siRNA,  were  used  in  the  present  study,  as 
illustrated  in  Figure  1. 

0P9  CELLS  PREDOMINANTLY  EXPRESS  THE  PKG-Ia  ISOFORM  AND 
EXPRESS  ENDOGENOUS  eNOS  AND  KLF4 

Both  PKG-Ia  (~76  kDa)  and  PKG-ip  (~78  kDa)  are  highly  expressed 
in  freshly  isolated  aorta,  as  showed  by  our  recent  study  [Wong  and 
Fiscus,  2010],  and  another  report  [Geiselhoringer  et  al.,  2004]  on 
PKG  isoforms  in  mouse  tissues.  Figure  2A  of  the  present  study  shows 
that  0P9  cells  express  predominantly  the  PKG-Ia  isoform.  Freshly 
isolated  mouse  aorta  was  used  as  a  positive  control.  BMSCs  also 
express  eNOS  and  have  basal  eNOS  phosphorylation  at  serine  1,177, 
suggesting  that  endogenous  eNOS  in  BMSCs  may  provide  endogenous 
NO  for  downstream  activation  of  the  sGC/cGMP/PKG-Iasignaling 
pathway  for  protection  against  spontaneous  apoptosis.  BMSCs  also 
express  the  Kruppel-like  factor  4  (KLF4),  necessary  for  survival  and 
proliferation  of  stem  cells,  which  has  previously  been  shown  to  bind  to 
the  Spl  promoter  of  the  PKG-Ia  gene  for  regulation  of  PKG-Ia 
expression  in  VSMCs  [Zeng  et  al.,  2006]. 

THE  ANP  AUTOCRINE  LOOP  FOR  BOTH  PROTECTION  AGAINST 
SPONTANEOUS  APOPTOSIS  AS  WELL  AS  STIMULATION 
OF  CELL  PROLIFERATION 

Figure  2A  shows  that  0P9  BMSCs  express  both  ANP  and  the  ANP 
receptor  NPR-A,  and  Figure  2B  shows  the  effects  on  apoptotic  levels 
of  blocking  the  NPR-A  receptors  on  the  surface  of  BMSCs  with 
the  specific  ANP  antagonist,  A71915,  which  caused  significantly 
higher  levels  of  spontaneous  apoptosis.  A71915,  when  used  in 
combination  with  sGC  inhibitor  ODQ  (which  blocks  the  cytopro- 
tective  effects  contributed  by  endogenous  NO),  causes  an  even 
larger  increase  in  apoptosis.  Blocking  the  NPR-A  receptors 
also  significantly  inhibits  proliferation  and  DNA  synthesis 
(Fig.  2C,D).  The  data  suggest  that  BMSCs  endogenously  produce 
the  natriuretic  peptide  ANP,  which  in  turn  causes  downstream 
activation  of  the  cGMP/PKG-Ia  pathway.  BMSCs  may  utilize  the 


Fig.  1.  The  NO/sGC/cGMP/PKG-la  and  ANP/pGC(NPR-A]/cGMP/PKG-lasignaling  pathway  are  shown,  along  with  the  inhibitors  and  activators  used  in  the  present  study. 


JOURNAL  OF  CELLULAR  BIOCHEMISTRY 


PKG-Ia  PROMOTES  SURVIVAL/DNA  SYNTHESIS  IN  0P9  831 


<s\‘r£/S 


140kDa 

140kDa 
1 25  kDa 
17kDa 

50  kDa 

78  kDa 
76  kDa 

40  kDa 


eNOS 

P-(SerIin)-eNOS 

NPR-A 

ANP 

KLF4 

•-  PKG-Ip 
*-  PKG-Ia 

p-actin 


B  with  OCX)  40  |iM 


IA71915)(m* 


[A71915]  <mM) 


Fig.  2.  A:  Western  blot  analysis  of  the  expression  of  eNOS,  phosphorylation  of  eNOS  at  Ser-1 177,  and  the  expression  of  NPR-A,  ANP  precursor,  KLF4,  and  PKG-Ia  and  PKG-IJ3 
in  0P9  BMSCs  and  freshly  isolated  mouse  aorta.  Total  protein  [60  p.g]  was  loaded  for  BMSCs  and  20  pig  of  total  protein  for  the  aorta.  (B-actin  was  used  for  normalization. 
B:  Effects  on  apoptotic  levels  of  blocking  the  NPR-A  receptors  with  the  ANP  antagonist  A71915  and  in  combinations  with  ODQ.  ^Treatment  groups  compared  with  control 
(*P<0.05,  **P<0.01,  ***P<0.001).  treatment  groups  of  A71915  used  with  ODQ  compared  to  the  corresponding  concentration  of  A71915  without  ODQ  (#P<0.05, 
##P<  0.01].  C  and  D:  Effects  on  proliferation  and  DNA  synthesis  observed  from  blocking  the  NPR-A  receptors  with  A71915.  Proliferation  rates  of  BMSCs  were  significantly 
decreased  by  A7 191 5  at  1  p.M  (*P<  0.05]  and  10  p.M  (**P<  0.01].  The  data  represent  the  meandr  SEM  of  four  observations  per  treatment  group. 


ANP  autocrine  loop  for  both  protection  against  spontaneous  apoptosis 
as  well  as  stimulation  of  cell  proliferation. 

BASAL  NO/cGMP  LEVELS  PROTECT  BMSCs  AGAINST 
SPONTANEOUS  APOPTOSIS 

Figure  3A-C  shows  the  effects  of  a  soluble  guanylyl  cyclase  (sGC) 
inhibitor,  ODQ,  the  NO  donor  SNAP  and  the  sGC  activator  YC-1  on 
the  levels  of  cGMP  in  0P9  cells.  Figure  3D  shows  a  biphasic 
apoptotic  curve  in  response  to  increasing  concentrations  of  SNAP. 
ODQ  causes  concentration-dependent  depletion  of  basal  cGMP 
levels  (Fig.  3A)  and  apoptosis  (Fig.  3D).  SNAP  is  known  to  release  NO 
at  a  slow  rate,  generating  NO  at  a  concentration  at  0.1%  [Crow  and 
Beckman,  1995]  to  0.3%  [Flirota  et  al.,  2001]  of  the  original  SNAP 
concentration.  SNAP  at  10  and  50  p,M  generate  NO  at  10-50  nM 


(physiological  levels),  significantly  decreasing  the  levels  of 
apoptosis,  whereas  SNAP  at  500  and  1,000  p,M  would  generate 
NO  at  pathological  levels,  significantly  increasing  the  levels  of 
apoptosis.  YC-1,  a  sGC  activator,  at  10  p,M  to  40  p,M,  causes  ~1.5- 
to  2-fold  increases  in  cGMP  levels  and  significantly  protects  BMSCs 
against  spontaneous  apoptosis  (Fig.  3E).  Figure  3F  shows  ODQ- 
induced  inhibition  of  endogenous  NO-stimulated  sGC  activity 
lowers  endogenous  PKG  kinase  activity,  indicated  by  Ser239 
phosphorylation  of  VASP.  The  level  of  VASP-serine239  phosphor¬ 
ylation  was  known  to  be  a  representation  of  intracellular  PKG 
activity.  Cleaved  PARP  indicated  apoptosis,  which  confirmed 
the  results  from  Cell  Death  ELISA.  The  data  suggest  that  the  basal 
activation  of  the  NO/cGMP/PKG-Ia  signaling  pathway  in  BMSCs  is 
important  for  protecting  against  spontaneous  onset  of  apoptosis. 
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Fig.  3.  A:  ODQ  significantly  decreased  cGMP  levels  at  40  and  100(jlM  (*P<0.05)  in  BMSCs.  B  and  C:  SNAP  and  YC-1  significantly  elevated  cGMP  levels  in  BMSCs  in  a 
concentration-dependent  manner.  D:  Biphasic  apoptotic  curve  in  BMSCs  treated  with  ODQ  and  SNAP.  ODQ,  a  sGC  inhibitor,  depleted  basal  cGMP  levels  and  caused  apoptosis  at 
40  p-M  (***p<  0.001)  and  100  piM  (***p<  0.001),  respectively.  SNAP,  a  NO  donor,  protected  cells  from  apoptosis  at  10  |xM  (*P<  0.05)  and  50  jxM  (**P<  0.01)  and  caused 
apoptosis  at  500  |xM  (***p<  0.001).  E:  YC-1,  a  sGC  activator,  protects  cells  from  apoptosis  dose  dependently  from  10  piM  to  40  |xM  (***p<  0.001).  The  data  represent  the 
mean  ±  SEM  of  six  observations  per  treatment  group.  F:  Western  blot  analysis  showing  decreased  VASP-phosphorylation  at  serine239  and  increased  PARP  cleavage  in  BMSCs 
treated  with  ODQ.  *P<  0.05,  **P<0.01,  ***P<  0.001. 


These  results  are  consistent  with  our  data  in  VSMCs  [Wong  and 
Fiscus,  2010]. 

BASAL  cGMP  LEVELS  STIMULATE  CELL  PROLIFERATION/COLONY 
FORMATION/MIGRATION 

Figure  4A  shows  that  depletion  of  cGMP  by  the  sGC  inhibitor  ODQ 
decreased  cell  proliferation  in  MIT  assay  at  10,  40,  100  p,M 
0.001).  ODQ  also  inhibits  cell  migration  (Fig.  4C)  and  colony 
formation  (Fig.  4E,G),  suggesting  that  endogenous  PKG-Io:  kinase 
activity  (Ser239  phosphorylation  of  VASP)  may  play  a  role  in  cell 


migration.  The  sGC  activator  YC-1  also  inhibited  cell  proliferation 
(Fig.  4B),  migration  (Fig.  4D),  and  colony  formation  (Fig.  4F,H), 
likely  via  effects  unrelated  to  cGMP  (see  Discussion). 

PRETREATMENT  WITH  ANP  OR  8-Br-cGMP,  WHICH  BYPASS  THE 
ODQ  BLOCK,  REVERSES  THE  ODQ-INDUCED  INCREASE  IN 
APOPTOSIS  IN  BMSCs 

The  role  of  PKG-Ia  as  an  important  part  of  the  anti-apoptotic/ 
cytoprotective  mechanism  was  confirmed  by  Figure  5A,  showing 
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Fig.  4.  Cell  proliferation,  migration,  and  colony  formation  were  decreased  in  BMSCs  by  ODQ  and  YC-1.  A:  ODQ  inhibits  cell  proliferation  in  MTT  assay  at  10  piM  (***p<  0.001), 
40  p,M  (***P<  0.001 ),  and  1 00  piM  ( ***P<  0.001 ).  B:  YC-1  inhibits  cell  proliferation  in  MTT  assay  at  5  piM  (**P<  0.01 ),  1 0  |xM  (**P<  0.01 ),  20  |xM  ( ***P<  0.001 ),  and  40  piM 
(***P<  0.001).  C  and  D:  Pictures  of  the  cells  that  have  migrated  to  the  bottom  of  transwell  inserts,  using  staining  with  crystal  violet.  The  data  show  inhibition  of  cell  migration 
by  treatment  with  ODQ  and  YC-1.  E  and  F:  Pictures  of  colonies  formed  in  six-well  plates  follows  the  staining  with  crystal  violet.  G  and  H:  Left  panel,  number  of  colonies  counted 
(only  colonies  larger  than  500  cells  were  counted);  Right  panel,  quantification  of  the  crystal  violet  dye  dissolved  with  10%  acetic  acid  at  570  nm.  The  data  represent  the 
mean±SEM  of  eight  observations  per  treatment  group.  *P<  0.05,  **P<0.01,  ***P<  0.001. 


that  simultaneous  addition  by  8-bromo-cGMP,  a  cell-permeable 
direct  activator  of  PKG-Ia,  could  almost  completely  reverse  the  pro- 
apoptotic  effects  of  ODQ.  Figure  5B  shows  that  exposure  of  the 
BMSCs  to  the  natriuretic  peptide  ANP  also  causes  nearly  complete 
reversal  of  the  ODQ-induced  apoptosis.  The  data  further  confirm 
that  ANP-induced  activation  of  the  NPR-A/cGMP/PKG-Ia  signaling 
pathway  can  protect  (almost  completely)  the  BMSCs  from  the 
pro-apoptotic  effects  of  ODQ.  The  data  suggest  that  BMSCs  utilize 
both  sGC,  which  is  stimulated  by  endogenously-produced  NO,  and 


NPR-A  (a  particulate  guanylyl  cyclase),  which  is  stimulated  by 
endogenously-produced  ANP,  to  protect  against  spontaneous  onset 
of  apoptosis. 

BASAL  PKG-Ia  ACTIVITY  IN  BMSCs  PROTECTS  AGAINST  INDUCTION 
OF  APOPTOSIS 

To  further  investigate  the  anti-apoptotic  role  of  PKG-Ia  in  BMSCs, 
a  specific  PKG-Iainhibitor,  DT-3,  was  used.  DT-3  can  effectively 
inhibit  not  only  stimulated  PKG  activity,  but  also  basal  PKG  activity 
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Fig.  5.  A:  8-Br-cGMP  reverses  the  ODQ-induced  increase  in  apoptosis  in 
BMSCs.  8-Br-cGMP,  at  1,000|xM  (#P<  0.05),  a  direct  activator  of  PKG, 
prevented  apoptosis  caused  by  depletion  of  cGMP  by  ODQ  (40p,M).  B:  ANP 
completely  abolished  the  ODQ-induced  apoptosis  in  BMSCs.  ANP  at  10nM 
(#P< 0.05],  100 nM  (#P< 0.05)  and  I.OOOnM  ("P<0.05),  a  particulate 
guanylyl  cyclase  activator,  completely  prevented  ODQ-induced  apoptosis.  C: 
ANP  elevated  cGMP  levels  in  BMSCs  in  a  concentration-dependent  manner. 
The  data  represent  the  mean  ±  SEM  of  four  observations  per  treatment 
group.*Treatment  groups  compared  with  control  (*P<0.05,  **P<0.01, 
***P<  0.001).  ^Treatment  groups  compared  with  ODQ  (40|xM)  alone. 


[Dostmann  et  al.,  2002;  Taylor  et  al.,  2004].  Western  blot  analysis  in 
Figure  6  shows  DT-3  effectively  decreased  VASP-phosphoiylation 
at  serine239,  an  indication  of  intracellular  PKG  kinase  activity.  DT-3 
also  significantly  induced  apoptosis  at  20  p,M  [*P  <  0.05)  and  30  p,M 
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Fig.  6.  Inhibition  of  endogenous  PKG  activity  caused  induction  of  apoptosis, 
inhibition  of  cell  proliferation  and  colony  formation  in  BMSCs.  A:  Upper  panel, 
Western  blot  analysis  showing  decreased  VASP-phosphorylation  at  serine239 
and  increased  PARP  cleavage  in  BMSCs  treated  with  DT-3,  a  PKG-la  inhibitor; 
Lower  panel,  DT-3  significantly  induced  apoptosis  (determined  by  Cell  Death 
Detection  ELISA)  at  20piM  (*P<0.05)  and  30p,M  (***P<  0.001).  B:  Pictures 
showing  DT-3  decreased  colony  formation  in  BMSCs.  C,  Left,  number  of 
colonies  counted  (only  colonies  larger  than  500  cells  were  counted);  Right, 
quantification  of  the  crystal  violet  dye  dissolved  with  10%  acetic  acid  at 
570  nm.  The  data  represent  the  mean  ±  SEM  of  four  observations  per  treat¬ 
ment  group.  *P<  0.05,  **P<0.01,  ***P<  0.001. 

0.001),  apoptosis  results  confirmed  by  increased  PARP 
cleavage  (Fig.  6A).  PKG-Ia-siRNA  at  100  nM  increased  apoptosis 
(Fig.  7B).  Apoptosis  results  were  confirmed  by  increased  PARP 
cleavage  (Fig.  7D).  PKG-Ict-siRNA  at  50  nM  and  100  nM  cause 
approximately  40%  and  60%  knockdown  of  PKG  expression,  as 
shown  by  Western  blot  analysis  (Fig.  7C).  PKG-Ia-siRNA  at  50  nM 
and  100  nM  both  effectively  decreased  intracellular  PKG  kinase 
activity  (VASP-phosphorylation  at  serine239)  (Fig.  7D). 
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BASAL  PKG  ACTIVITY  IN  BMSCs  STIMULATES  CELL  PROLIFERATION, 
COLONY  FORMATION,  AND  CELL  MIGRATION 

Figure  6B,C  show  that  DT-3  decreased  colony  formation  in  BMSCs. 
The  result  is  further  confirmed  by  PKG-Ia  knockdown  in 
Figure  7 A.  PKG-Ia-siRNA  at  50  nM  and  100  nM  also  decreased 
cell  migration  (Fig.  7E).  PKG-Ia  knockdown  with  PKG-Ia-siRNA 
(100  nM)  decreased  de  novo  DNA  synthesis  (Fig.  7F)  and 
proliferation  (Fig.  7G)  at  24,  48,  and  72  h,  respectively.  The  data 
suggest  that  basal  PKG  activity  in  BMSCs  is  essential  for  stimulating 
cell  proliferation  and  cell  migration. 

DISCUSSION 


BMSCs  are  adherent,  fibroblast-like  cells  in  the  adult  bone  marrow 
[Friedenstein  et  al.,  1968].  BMSCs  are  multipotent  stem  cells,  and  are 
capable  of  differentiating  along  the  mesenchymal  lineage  to  form 
bone,  fat,  and  cartilage.  Hence,  over  recent  years,  the  potential  for 
the  use  of  BMSCs  in  stem  cell  therapy  for  replacing  damaged  bone, 
cartilage,  and  muscle,  especially,  for  example,  cardiac  muscle  after 
heart  attack,  have  been  implicated  [Psaltis  et  al.,  2008].  The  BMSC 
line  0P9  has  been  used  in  coculture  systems  as  a  feeder  layer  with 
mouse  ES  cells  and  iPS  cells  to  induce  the  differentiation  of  ES  cells 
and  iPS  cells  along  hematopoietic  lineages  [Nakano  et  al.,  1994; 
Nakano,  1995;  Kitajima  et  al.,  2003;  Ji  et  al.,  2008].  OP9  cells  can 
also  be  differentiated  into  adipocytes  and  used  as  a  model  for 
adipogenesis  [Wolins  et  al.,  2006]. 

Our  early  studies  were  the  first  to  show  that  NO,  both 
therapeutically-administered  NO  and  endogenous  endothelium- 
derived  NO,  stimulates  the  intracellular  activity  of  PKG  in  VSMCs 
[Fiscus  et  al.,  1983],  and  that  ANP  stimulates  intracellular  PKG  in 
VSMCs  [Fiscus  et  al.,  1985].  These  studies  led  to  later  establishment 
of  PKG  as  the  key  protein  kinase  mediating  the  biological  effects 
(e.g.,  vasodilation  and  anti-hypertensive  effects)  of  NO  and  the 
natriuretic  peptides  [Fiscus,  1988,  2002;  Fiscus  and  Murad,  1988; 
Lincoln  et  al.,  2001 ;  Fung  et  al.,  2005].  Recently,  our  laboratory  has 
shown  that  many  mammalian  cells,  including  epithelial  cells,  neural 
cells,  and  various  cancer  cells  (e.g.,  breast  cancer,  lung  cancer, 
mesothelioma,  ovarian  cancer,  prostate  cancer,  and  VSMCs),  all 
express  at  least  one  or  both  of  the  two  PKG-I  isoforms,  PKG-Ia  and 
PKG-I(3,  and  that  the  PKG-Ia  isoform  is  essential  for  the  survival  and 
proliferation  of  these  cells  [Fiscus  et  al.,  2001,  2002;  Fiscus,  2002; 
Chan  and  Fiscus,  2003;  Cheng  Chew  et  al.,  2003;  Fung  et  al.,  2005; 
Fraser  et  al.,  2006;  Leung  et  al.,  2008,  2010;  Johlfs  and  Fiscus,  2010; 
Wong  and  Fiscus,  2010]. 

The  present  study  shows  that  phosphorylation  of  VASP  at  serine 
239  serves  as  a  useful  indicator  of  endogenous  PKG  activity  in  the 
BMSCs.  VASP  is  a  PKG  downstream  substrate  that  is  directly 


phosphorylated  at  Ser239  by  PKG  in  a  number  of  mammalian  cells 
[Butt  et  al.,  1994;  Chen  et  al.,  2008;  Isenberg  et  al.,  2008],  but  the 
present  study  shows  PKG-mediated  phosphorylation  of  VASP  in 
BMSCs  for  the  first  time.  VASP  is  an  actin-binding  protein  involved 
in  focal  adhesion  [Butt  et  al.,  1994],  and  VASP  phosphorylation  at 
ser239  by  PKG  was  shown  to  cause  redistribution  of  VASP  to  the 
plasma  membrane,  and  thereby  may  promote  cell  attachment  and 
migration,  potentially  also  promoting  cell  survival  and  proliferation 
[Harbeck  et  al.,  2000;  Li  Calzi  et  al.,  2008]. 

Human  BMSCs  have  been  reported  to  synthesize  and  release 
endogenous  brain  (B-type)  natriuretic  peptide  (BNP)  and  the 
released  BNP  was  proposed  to  mediate  the  neuroprotective  effects 
of  BMSCs  in  animal  model  of  stroke  [Song  et  al.,  2004].  The  present 
study  using  0P9  BMSCs  shows  that  these  cells  produce  detectable 
levels  of  ANP  precursor  [Noyan-Ashraf  et  al.,  2009]  (Fig.  2A), 
suggesting  that  these  cells  likely  synthesize  and  release  ANP,  similar 
to  the  data  of  a  previous  study  showing  endogenous  production  of 
another  natriuretic  peptide,  BNP,  in  human  BMSCs  [Song  et  al., 
2004],  and  that  released  ANP  activates  the  NPR-A  receptors  to 
stimulate  cell  proliferation  and  survival  of  the  0P9  cells.  This 
mechanism  may  provide  an  autocrine  loop  that  protects  BMSCs 
from  spontaneous  apoptosis  and  stimulates  cell  proliferation. 

The  present  study  suggests  that  basal  activation  of  the  NO/cGMP/ 
PKG-Ia  signaling  pathway  in  BMSCs  is  important  for  cell 
proliferation,  colony  formation  and  migration.  However,  the  sGC 
activator  YC-1  also  inhibited  cell  proliferation  (Fig.  4B),  migration 
(Fig.  4D),  and  colony  formation  (Fig.  4F,H).  These  anti-proliferative, 
anti-colony  formation,  and  anti-migration  effects  are  likely  to  be 
mediated  by  other  effects  of  YC-1  (which  are  independent  of  cGMP) 
[Pan  et  al.,  2005].  In  another  example,  YC-1  has  been  shown  to 
have  anti-proliferative  effects  in  hepatocellular  carcinoma  cells  by 
a  mechanism  that  is  independent  of  its  effects  on  the  cGMP  signaling 
pathway  and  instead  involves  YC-l-induced  up-regulation  of 
p21ciPi/waPi  [Wang  et  al  i  2005], 

Figure  8  shows  a  cellular  model  illustrating  the  findings  of  the 
present  study.  Also  included  in  the  model  are  the  phosphorylation  of 
other  downstream  target  proteins,  BAD  [Johlfs  and  Fiscus,  2010], 
CREB  [Fiscus,  2002],  and  Src  [Leung  et  al.,  2010],  previously 
reported  by  our  laboratory  as  intracellular  proteins  that  are  directly 
phosphorylated  by  PKG-Ia  promoting  cell  proliferation  and 
survival.  The  data  from  the  present  study  suggest  that  BMSCs 
utilize  both  the  NO/sGC/cGMP/PKG-Ia  pathway  and  the  ANP/NPR- 
A/cGMP/PKG-Ia  pathway,  in  an  autocrine  loop  fashion,  to  protect 
the  cells  from  spontaneous  onset  of  apoptosis  and  to  stimulate  cell 
proliferation.  Furthermore,  the  present  study  shows  that  these 
signaling  pathways  promote  migration  of  the  OP9  BMSCs,  shown  in 
the  model  of  Figure  8.  In  the  bone  marrow  micro-environmental 
niche,  endothelial  cells,  which  are  in  close  proximity  to  BMSCs, 


I  Fig.  7.  Gene  knockdown  of  PKG-Ia  expression  using  PKG-Ia-siRNA  increased  apoptosis  and  decreased  proliferation  in  BMSCs.  A:  PKG-Ia  knockdown  decreased  BMSC  colony 
formation.  B:  Gene  knockdown  by  PKG-Ia-siRNA  (100  nM)  significantly  (**P<  0.01)  increased  spontaneous  apoptosis  compared  to  negative  control.  C:  Western  blot  analysis 
showing  decreased  PKG-Ia  expression  after  treatment  with  PKG-Ia-siRNA.  The  relative  intensity  of  the  bands  in  the  western  blots  were  quantified,  showing  about  40%  and 
60%  knockdown  at  50  nM  and  100  nM,  respectively.  D:  Western  blot  analysis  showing  decreased  VASP-phosphorylation  at  serine239  and  increased  PARP  cleavage  in  BMSCs 
after  gene  knockdown  of  PKG-Ia.  E:  PKG-Ia  knockdown  decreased  cell  migration.  F  and  G,  PKG-Ia  knockdown  decreased  de  novo  DNA  synthesis  at  48  h  (*P<0.05)  and  72  h 
(**P<  0.01 )  in  cultures  treated  with  PKG-Ia-siRNA  (1 00  nM).  Similar  results  obtained  by  MTT  assay.  PKG-Ia  knockdown  decreased  proliferation  at  24  h  (***p<  0.001 ),  48  h 
(***P<  0.001),  and  72  h  (***P<  0.001).  The  data  represent  the  mean±SEM  of  six  observations  per  treatment  group. 
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Fig.  8.  The  overall  model  illustrating  the  findings  of  the  present  study.  BMSCs  utilize  the  NO/sGC/cGMP/PKG-lot  signaling  pathway  as  well  as  the  ANP/pGC(NPR-A)/cGMP/ 
PKG-la  signaling  pathway  to  stimulate  cell  proliferation  and  inhibit  spontaneous  onset  of  apoptosis.  ANP  released  from  BMSCs  may  participate  in  a  novel  autocrine  loop 
mechanism  for  regulating  BMSC  survival  and  proliferation.  Also,  natriuretic  peptides  and  NO,  released  from  nearby  endothelial  cells  in  the  bone  marrow  stroma,  may  also 
participate  as  a  paracrine  mechanism  regulating  BMSC  survival  and  proliferation. 


provide  another  source  of  endogenous  NO.  Also,  endothelial  cells 
are  reported  to  synthesize  and  release  all  three  natriuretic  peptides, 
ANP,  BNP,  and  CNP  [Bordenave  et  ah,  2002],  which  may  also 
potentially  stimulate  BMSC  survival  and  proliferation  via  a 
paracrine  mechanism.  Therefore,  the  cytoprotective  and  growth- 
promoting  mechanism  involving  the  NO/sGC/cGMP/PKG-Ia  and 
ANP/NPR-A/cGMP/PKG-Ia  pathways  may  play  an  important  role 
within  the  bone  marrow  to  provide  a  healthy  micro-environmental 
niche  for  the  survival,  growth,  and  differentiation  of  HSCs. 
Furthermore,  the  data  of  the  present  study  provide  a  unique  insight 
into  a  key  cell  signaling  pathway  in  0P9  cells  that  could  be  used  to 
develop  new  strategies  for  improving  ex  vivo  survival  and 
expansion  of  these  cells  or  similar  cells. 
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Introduction 


Initially,  cyclic  GMP-dependent  protein  kinase  (protein  kinase  G,  PKG)  was 
shown  to  be  the  key  protein  kinase  activated  by  nitric  oxide  (NO)  in  airway  (Fiscus  et  al., 
1984)  and  vascular  smooth  muscle  cells  (Fiscus  and  Murad,  1988;  Fiscus  et  al.,  1983), 
and  was  proposed  to  be  the  major  protein  kinase  mediating  the  bronchodilatory  and 
vasodilatory  effects  of  NO.  PKG,  a  serine/threonine  kinase,  also  serves  as  the  main 
protein  kinase  activated  by  atrial  natriuretic  peptide  (ANP,  atriopeptin)  in  vascular 
smooth  muscle  cells,  mediating  ANP-induced  vasodilation  (Fiscus  et  al.,  1985).  In  both 
cases  of  stimulation,  the  activation  of  PKG  involves  elevations  in  the  intracellular  levels 
of  cGMP,  an  allosteric  activator  of  PKG.  PKG  has  also  been  shown  to  be  involved  in  the 
regulation  of  platelet  aggregation  (Massberg  et  al.,  1999;  Munzel  et  al.,  2003)  and 
vascular  smooth  muscle  cell  (VSMC)  proliferation,  promoting  VSMC  proliferation  at 
basal  levels  of  PKG  activation  (Wong  and  Fiscus,  2010),  but  inhibiting  VSMC 
proliferation  when  PKG  is  overexpressed  or  hyperactivated  (Chiche  et  al.,  1998;  Lincoln 
et  al. ,  2006). 

The  effects  of  NO  in  mammalian  cells  are  largely  dependent  on  the  concentration 
of  this  small  molecule,  the  type  of  cell  studied  and  the  environmental  conditions  (Ridnour 
et  al.,  2008).  NO  has  been  linked  to  both  the  inhibition  and  the  promotion  of  cancer 
(Ekmekcioglu  et  al.,  2000;  Ekmekcioglu  et  al.,  2006;  Hussain  et  al.,  2004;  Prueitt  et  al., 
2007).  In  general,  high  levels  of  NO  have  toxic  effects,  due  in  part  to  the  formation  of 
peroxynitrite,  a  toxic  pro-oxidant  capable  of  oxidizing  DNA,  lipids  and  proteins  (Beckman 
and  Koppenol,  1996).  Abnormally  high  levels  of  cGMP  resulting  from  pathological  levels 
of  NO  have  also  been  correlated  with  cell  death  in  certain  types  of  mammalian  cells 
(Fiscus,  2002;  Fiscus  et  al.,  2002;  Ridnour  et  al.,  2008).  In  the  photoreceptors  in  animal 
models  of  retinitis  pigmentos  (Paquet-Durand  et  al.,  2009),  toxic  effects  were  a  result  of 
severe  hyperactivation  of  the  cGMP/PKG  signaling  pathway  caused  by  a  defect  in  cGMP 
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degradation,  which  is  characteristic  of  retinitis  pigmentosa.  In  PCI 2  cells,  cell  death  in 
response  to  high  levels  of  NO  is  mediated  by  a  mechanism  other  than  hyperactivation  of 
the  cGMP/PKG  signaling  pathway  (Wada  et  at.,  1996).  In  contrast  to  the  toxic  effects  of 
high-level  NO,  lower,  physiological  levels  of  NO  cause  cytoprotective/anti-apoptotic 
effects  in  many  types  of  mammalian  cells  (Fiscus,  2002;  Fiscus  et  at.,  2002;  Ridnour  et 
at.,  2008).  This  cytoprotective  effect  of  low-level  NO  is  mediated  by  basal  stimulation  of 
soluble  guanylyl  cyclase  activity,  which  causes  moderate  increases  in  cGMP  levels  and 
PKG  activation.  In  neural  cells,  this  cytoprotective  effect  is  thought  to  provide 
continuous  protection  against  neural  cell  death,  thus  limiting  the  loss  of  neural  cells  that 
may  be  caused  by  aging  or  exposure  to  stressful  conditions,  such  as  inflammation  and 
ischemia  (Chiueh  etal.,  2003;  Ciani  et  at.,  2002;  Fiscus,  2002;  Fiscus  etal.,  2002). 

PKG  plays  an  important  role  in  protecting  against  apoptosis  in  many  types  of 
mammalian  cells,  including  epithelial  cells  (Chan  and  Fiscus,  2003),  VSMCs  (Wong  and 
Fiscus,  2010),  ovarian  cancer  cells  (Leung  etal.,  2010),  B  lymphocytes  (Kolb,  2000), 
leukemia  cells  (Flamigni  et  at.,  2001),  rat  ovarian  follicle  (Chun  et  at.,  1995),  and  many 
neural  cells,  including  primary  cultures  of  rat  hippocampal  neurons  (Barger  et  at.,  1995), 
dorsal  root  ganglion  and  motor  neurons,  cerebellar  granule  cells  and  PCI  2  cells 
(reviewed  in  Fiscus  2002),  as  well  as  N1E-115  and  SH-SY5Y  human  neuroblastoma 
cells  (Chiueh  et  at.,  2003)  and  NG108-15  neuroblastoma-glioma  hybrid  cells  (Cheng 
Chew  etal.,  2003;  Fiscus,  2002;  Fiscus  et  at.,  2002;  Johlfs  and  Fiscus,  2010). 
Furthermore,  the  cGMP  pathway  has  been  shown  to  down  regulate  p53  in  ovarian 
cancer  cells,  leading  to  suppression  of  apoptosis  (Fraser  et  at.,  2006).  NO  activation  of 
PKG  leads  to  the  phosphorylation  of  specific  transcription  factors,  such  as  cAMP 
response  element  (CRE)-binding  protein  (CREB),  which  may  contribute  to  protection 
from  cell  death  (Fiscus,  2002;  Pilz  and  Casteel,  2003). 
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Previous  studies  from  our  laboratory  have  shown  that  PKG,  at  basal  levels  of  activation, 
is  essential  for  promoting  DNA  synthesis  and  cell  proliferation  in  ovarian  cancer  cells 
(Leung  et  al.,  2010).  It  has  also  been  shown  that  the  cGMP/PKG  signaling  pathway 
promotes  adhesion  of  VSMCs  via  its  ability  to  promote  cell-surface  expression  of  integrin 
(31  (Weinmeister  et  al.,  2008)  and  NO  has  been  found  to  upregulate  other  integrins,  such 
as  CDIIb  in  microglial  cells  (Roy  et  al.,  2006).  Adhesion  molecules  are  dysregulated  in 
cancer  cells,  allowing  for  growth,  migration,  and  metastasis  and  are  often  over¬ 
expressed  on  drug  resistant  cancer  cells  and  anti-adhesion  molecules  have  recently 
entered  into  clinical  trials  (Schmidmaier  and  Baumann,  2008).  Furthermore,  NO-  and 
ANP-induced  stimulation  of  PKG  activity  triggers  subsequent  phosphorylation  of 
vasodilator-stimulated  phosphoprotein  (VASP),  which  associates  with  integrin  (Lund  et 
al.,  2010)  and  regulates  the  actin  cytoskeleton  (Krause  et  al.,  2003;  Li  Calzi  et  al.,  2008), 
thus  promoting  cell  proliferation,  migration  and  adhesion. 

PKG-I,  the  focus  of  this  study,  can  be  expressed  as  two  different  isoforms,  PKG- 
la  and  PKG-I(3  (Cornwell  and  Lincoln,  1989;  Wolfe  et  al.,  1989).  These  two  isoforms  are 
thought  to  be  a  result  of  alternative  splicing  and  are  expressed  at  various  levels, 
depending  on  cell  type.  Placental  and  lung  cells  express  primarily  the  PKG-la  form, 
whereas  urinary  bladder,  uterus,  adrenal  gland  and  fallopian  tube  cells  express  primarily 
PKG-I(3  (Orstavik  et  al.,  1997).  Vascular  smooth  muscle  cells  express  both  PKG-la  and 
PKG-I(3,  but  the  expression  of  the  PKG-la  isoform  is  typically  predominant  (Feil  et  al., 
2005;  Wong  and  Fiscus,  2010).  Although  earlier  studies  had  suggested  that  PKG 
expression  is  absent  in  many  types  of  cancer  cell  lines  (Hou  et  al.,  2006;  Wong  et  al., 
2001),  recent  studies  from  our  lab  have  found  that  PKG-I  isoforms  are  indeed  expressed 
in  many  types  of  cancer  cells,  including  ovarian  (Leung  et  al.,  2010)  lung,  breast, 
bladder,  and  prostate  cancer  cell  lines  (unpublished  data).  We  have  also  found  that 
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PKG-I  is  expressed  in  mesothelioma  cells  (data  of  present  study),  an  aggressive  form  of 
cancer  that  is  derived  from  mesothelial  cells,  which  line  the  thoracic  cavity,  abdominal 
cavity  and  heart  sac. 

The  present  study  uses  pharmacological  agents  as  well  as  gene  knockdown 
techniques  to  demonstrate  the  function  of  PKG-I  in  pleural  mesothelioma  cell  lines, 
MSTO-21 1 H  and  NCI-H2452.  A  cGMP/PKG-l  pathway  inhibitor,  ODQ,  which  inhibits  the 
endoegenous  NO-induced  activation  of  soluble  guanylyl  cyclase  and  subsequent  cGMP 
synthesis,  was  used  to  demonstrate  that  cGMP/PKG-l  activation  is  critical  in  preventing 
spontaneous  apoptosis,  promoting  cell  proliferation,  and  maintaining  integrin  (31 
expression  cell  attachment  in  the  mesothelioma  cell  lines.  For  the  first  time,  RNA 
interference,  using  short  hairpin  RNA  (shRNA),  was  used  to  directly  study  PKG-I 
function  in  mesothelioma  cells.  Reverse  transcriptase  (RT)-PCR  and  a  12-channel 
capillary  electrophoresis  system  with  a  light  emitting  diode-induced  fluorescence 
detector  system  was  used  as  a  tool  for  determining  the  extent  of  RNA  interference  in 
PKG-I  specific  shRNA  transfected  cells.  We  demonstrate  that  PKG-I  expression  in 
MSTO-21 1 H  and  NCI-H2452  mesothelioma  cells  is  important  for  integrin  (31  expression 
in  these  cells,  for  attachment,  for  proliferation  and  for  avoiding  spontaneous  onset  of 
apoptosis. 
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Results 


eNOS  and  both  PKG-I  isoforms  (PKG-laand  -1/3)  are  expressed  in  MSTO-21 1H  and 
NCI-H2452  mesothelioma  cells 

The  endothelial  isoform  of  NO  synthase  (eNOS)  is  known  to  be  highly  expressed 
in  mesothelioma  cells  (Soini  et  al.,  2001).  Figure  la  demonstrates  that  both  MSTO- 
21 1H  and  NCI-H2452  mesothelioma  cell  lines  express  also  express  eNOS,  which  can 
provide  an  endogenous  source  of  NO  capable  of  activating  the  downstream 
cGMP/PKG-l  pathway  in  these  cells. 

Studies  during  the  1970’s,  1980’s  and  early  1990’s  suggested  that  PKG  was 
expressed  in  only  a  limited  number  of  cell  types,  such  as  smooth  muscle  cells  of 
airways,  blood  vessels,  intestines  and  Purkinje  neurons  of  brain  (reviewed  in  Fiscus 
2002).  However,  more  recent  data  have  demonstrated  that  PKG,  especially  PKG-I,  is 
expressed  in  many  other  types  of  cells  (Orstavik  et  al.,  1997).  Although  a  down- 
regulation  of  PKG-I  expression  appears  to  occur  when  epithelial  cells  transform  into 
cancer  cells  (Hou  et  al.,  2006;  Wong  et  al.,  2001),  our  studies  have  shown  that  PKG-I 
(especially  the  PKG-la  isoform)  continues  to  be  expressed  at  detectable  levels  and  this 
expression  is  essential  for  proliferation  and  cell  survival  of  certain  cancer  cells,  such  as 
ovarian  cancer  cells  (Leung  et  al.,  2010)  and  neuroblastoma  cells  (Johlfs  and  Fiscus, 
2010). 

Given  the  technical  limitations  of  detecting  the  required  low  levels  of  PKG-I  in 
these  cancer  cells  using  traditional  Western  blots,  we  used  a  highly  sensitive 
immunocytochemistry  technique  in  conjunction  with  a  traditional  assessment  of  protein 
expression.  Figure  1b  shows  the  analysis  of  PKG-I  by  traditional  Western  blot  using  a 
PKG-l-specific  antibody,  capable  of  recognizing  both  isoforms  of  PKG-I.  PKG-I 
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expression  is  readily  detected  in  the  MSTO-211H  cell  line,  but  expression  in  the  NCI- 
H2452  cell  line  is  just  at  the  limit  of  detection.  In-cell  westerns  were  also  conducted  with 
the  same  antibody.  This  assay  proved  more  sensitive  than  traditional  Western  blot 
analysis  and  confirmed  expression  of  PKG-I  in  both  mesothelioma  cell  lines. 

In  collaboration  with  Cell  Signaling  Technology,  isoform-specific  antibodies,  that 
can  discriminate  between  PKG-la  and  PKG-I(3,  were  developed  for  use  in  an 
ultrasensitive  immunocytochemistry  assay  (Duolink  technique)  from  Olink  Biosciences, 
in  order  to  confirm  expression  of  each  isoform  in  both  cell  lines.  Figure  2a  shows  that 
the  PKG-I  isoform-specific  antibodies  could  indeed  discriminate  between  the  two  targets 
(though  affinity  or  differences  in  titer  appeared  to  differ  between  the  two  antibodies), 
using  recombinant  PKG-la  and  PKG-I(3  versions  of  each  enzyme  as  the  standards. 
Figure  2b  demonstrates,  using  the  ultrasensitive  Duolink  assay  from  Olink  Biosciences, 
that  both  isoforms  of  PKG-I  are  expressed  in  each  cell  line. 

Endogenous  NO-induced  activation  of  soluble  guanylyl  cyclase  is  necessary  for 
maintaining  lower  levels  of  apoptosis  and  promoting  cell  proliferation 

A  proposed  model  of  stimulation  of  PKG-I  by  endogenous  NO,  either  NO  from 
eNOS  within  mesothelioma  cells  or  NO  released  from  nearby  endothelial  cells,  and  the 
subsequent  interactions  of  PKG-I  with  various  downstream  targets  (VASP,  BAD  and 
CREB)  can  be  seen  in  Figure  2c.  We  are  proposing  that  the  phosphorylations  of  BAD, 
CREB  and  VASP  by  PKG-I  contribute  to  the  stimulation  of  integrin  expression,  cell 
attachment,  proliferation  and  inhibition  of  apoptosis  in  mesothelioma  cells. 

Figure  3a  shows  a  simplified  model  of  the  cGMP/PKG-l  signaling  pathway  and  its 
effects  on  apoptosis,  proliferation,  and  cell  attachment,  with  particular  emphasis  on 
selected  activators  and  inhibitors  used  in  the  present  study.  Endogenous  NO  produced 
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by  eNOS,  even  at  basal  levels,  has  been  shown  to  activate  soluble  guanylyl  cyclase, 
elevates  cGMP  and  causes  continous  partial  (30-40  %  of  maximum)  activation  of  PKG 
(Fiscus  et  al.,  1983).  In  the  present  study,  we  used  ODQ,  a  selective  inhibitor  of  NO- 
induced  activation  of  soluble  guanylyl  cyclase  (sGC),  to  determine  the  role  of  the 
NO/sGC/cGMP/PKG-l  signaling  pathway  in  regulating  cell  apoptosis  and  cell 
proliferation  in  MSTO-21 1H  and  NCI-H2452  cells.  Cells  were  treated  with  25  and  50  pM 
of  ODQ,  with  or  without  1 .0  mM  of  8-Br-cGMP  (a  cell  permeable  cGMP  analog  that  is  a 
direct  PKG  activator,  which  can  bypass  the  ODQ-induced  block)  and  were  incubated  for 
24  hours.  After  the  incubation,  the  cells  were  assayed  for  changes  in  levels  of  apoptosis 
and  cell  proliferation. 

ODQ  caused  significant  and  concentration-dependent  increases  in  caspase  3/7 
activity  in  both  MSTO-21 1H  and  NCI-H2452  cells  (Figure  3b),  indicating  an  increase  in 
spontaneous  apoptosis.  The  inhibitory  effect  of  ODQ  on  the  cGMP/PKG-l  pathway  was 
prevented  by  stimulating  PKG  activity  directly  with  8-Br-cGMP,  which  brought  back  the 
levels  of  apoptosis  closer  to  that  of  the  control  cells.  After  a  24  hour  incubation,  cells 
treated  with  ODQ  also  had  significant  decreases  in  cell  proliferation  (Figure  3c). 

Treating  cells  with  8-Br-cGMP,  in  combination  with  ODQ,  restored  cell  proliferation  levels 
similar  to  those  of  the  control  cells. 

Knocking  down  PKG-I  expression  using  PKG-l-specific  shRNA  constructs  decreases 
VASP  phosphorylation  (indicator  of  endogenous  PKG-I  kinase  activity) 

To  determine  if  PKG-I  expression  directly  plays  a  role  in  protecting  cells  from 
apoptosis,  stimulating  growth,  and  promoting  adhesion,  we  developed  gene  knockdown 
clones  to  selectively  silence  the  expression  of  PKG-I.  To  assess  gene  expression  in 
mesothelioma  knockdown  clones,  reverse  transcriptase  (RT)-PCR  products  were 
analyzed  on  a  12-channel  capillary  electrophoresis  system  with  a  light-emitting  diode- 
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induced  fluorescence  detector  (CE-LED-IF)  system  to  determine  relative  mRNA  levels  of 
the  PKG-I  isoforms.  Previously,  our  lab  has  used  single  channel  CE  technology  to 
quantify  levels  of  DNA  fragmentation  indicative  of  apoptosis  in  a  variety  of  mammalian 
cells  (Fiscus,  2002;  Fiscus  et  al.,  2001;  Fiscus  etal.,  2002)  and  to  determine  mRNA 
expression  levels  of  iNOS  in  VSMCs  (Chan  and  Fiscus,  2004).  The  12-channel  capillary 
electrophoresis  system  used  in  this  study  is  also  capable  of  detecting  and  quantifying 
apoptotic  DNA  fragmentation  (Johlfs  and  Fiscus,  2010),  but  also  allows  for  higher 
through-put  of  samples,  high  resolution  and  the  ability  to  make  relative  comparisons 
among  channels  while  analyzing  apoptotic  DNA  fragments  as  well  as  the  products  of 
multiplexed  PCR  reactions  (as  shown  in  the  present  study).  Figure  4  shows  the  analysis 
of  RT-PCR  products  by  CE-LED-IF,  indicating  PKG-la  and  PKG-I(3  mRNA  levels.  Figure 
4a  shows  that  PKG-la  was  knocked  down  by  65  and  83%,  respectively,  by  knockdown 
clones  #1  and  #2  and  PKG-I(3  was  knocked  down  by  79  and  82%,  respectively,  by 
knockdown  clones  #1  and  #2  in  the  MSTO-211H  cell  line.  In  the  NCI-H2452  cell  line 
(Figure  4b),  PKG-la  was  knocked  down  by  65  and  92%,  respectively,  by  the  knockdown 
clone  #1  and  #2  and  PKG-I(3  was  knocked  down  by  73  and  78%,  respectively,  by  the 
knockdown  clone  #1  and  #2. 

Western  blots  assessing  MSTO-211H  and  NCI-H2452  knockdown  clones  and 
controls  show  that  decreased  PKG-I  expression  leads  to  lower  levels  of  VASP 
phosphorylation  at  serine  239  (Figure  5),  one  of  PKG-I’s  known  substrates  within 
mammalian  cells  (Butt  et  al.,  1994),  indicating  that  PKG-I  activity  is,  indeed,  decreased 
in  these  cell  lines  by  the  knockdown  procedure. 
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Knocking  down  PKG-I  expression  triggers  the  onset  of  spontaneous  apoptosis  and 
decreases  cell  proliferation 

Levels  of  apoptosis  and  cell  proliferation  were  assessed  post-transfection,  48  and 
72  hours,  respectively,  after  successful  knock  down  was  confirmed.  Knockdown  clones 
for  both  mesothelioma  cell  lines  had  clear  increases  in  caspase  3/7  activity,  an  early 
indicator  of  apoptosis  (Figure  6a).  There  was  only  a  modest  effect  on  the  cells  when 
transfected  with  a  scrambled  shRNA  expressing  vector.  MTT  assays  show  that  cell 
proliferation  decreased  in  the  knockdown  clones,  as  well,  for  both  cell  lines  (Figure  6b). 
It  is  apparent  that  cells  with  decreased  PKG-I  expression  have  increased  levels  of 
apoptosis  and  decreased  cell  proliferation. 

Knocking  down  PKG-I  expression  leads  to  decreased  cell  attachment  and  colony 
formation 

PKG-l-specific  gene  knockdowns  were  used  to  determine  if  PKG-I  plays  an 
important  role  in  maintaining  cell  attachment  in  the  MSTO-211H  mesothelioma  cell  line. 
After  72  hours,  the  attached  and  detached  populations  from  the  PKG-l-specific  shRNA 
transfected  cells  were  separated  and  assessed  using  the  Vybrant  Cell  Adhesion  Assay 
Kit.  The  cells  with  decreased  PKG-I  expression  had  significantly  less  cell  attachment  to 
the  tissue  culture  plate,  indicating  that  the  expression  of  PKG-I  is  important  for 
maintaining  cell  attachment  (Figure  7a).  Cell  attachment  did  not  appear  to  be  affected 
by  the  negative  control  transfection.  Microscopic  evaluation  confirmed  that  the 
knockdown  clones  had  dramatically  detached  from  the  plate  after  a  72  hour  incubation 
compared  to  the  control  (Figure  7b).  Cells  with  decreased  PKG-I  expression  appeared 
to  round  up  and  many  were  observed  to  be  floating  in  suspension.  Clonogenic  assays 
with  crystal  violet  staining  were  also  used  to  show  a  decrease  in  colony  formation  in  cell 
populations  with  decreased  PKG-I  expression,  shown  in  Figure  7c.  Solubilization  of  the 
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stained  clones  revealed  a  significant  decrease  in  colony  formation  in  the  knockdown  cell 
cultures,  compared  to  the  controls  (graph  in  Figure  7c). 

ODQ-induced  inhibition  of  PKG-I  activity  and  gene  knockdown  of  PKG-I  expression 
decreases  the  expression  of  integrin  jdl 

In  primary  VSMCs,  it  has  been  suggested  that  PKG-l-induced  adhesion  is  mediated 
by  (31  and  (33  integrins,  based  on  experiments  using  stimulation  by  cGMP  analogs 
(Weinmeister  et  al .,  2008).  In  the  present  study,  we  used  Western  blots  to  assess 
integrin  expression  after  treatment  with  ODQ  (Figure  8a)  and  RNA  interference  of  PKG-I 
expression  (Figure  8b).  Integrin  (31  was  chosen  for  analysis  because  it  is  highly 
expressed  in  pleural  mesothelioma  (Koukoulis  et  al.,  1997).  In  the  current  study,  levels 
of  integrin  (31  expression  in  the  two  mesothelioma  cell  lines  were  decreased  compared 
to  the  controls,  suggesting  integrin  (31  expression  is  under  the  control  of  the 
NO/cGMP/PKG-l  signaling  pathway.  These  data  provide  a  potential  link  between  PKG-I 
expression  and  cell  adhesion  of  mesothelioma  cells. 
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Discussion 


This  study  focused  on  two  pleural  mesothelioma  cell  lines,  MSTO-21 1 H  and  NCI- 
H2452,  and  PKG-I’s  role  in  regulating  apoptosis,  cell  proliferation  and  cell  attachment. 
Malignant  pleural  mesothelioma  (MPM)  is  a  rare  type  of  cancer  that  occurs  in  the  thin 
layer  of  cells  lining  the  body's  internal  organs,  known  as  the  mesothelium.  Exposure  to 
asbestos  is  a  recognized  cause  of  this  cancer  and  the  onset  of  symptoms  does  not 
appear  until  years  after  exposure.  Crocidolite  asbestos  increases  NO  levels  in 
mesothelioma  cells,  presumably  by  the  stimulation  of  inducible  nitric  oxide  (iNOS)  and 
eNOS  expression  (Marrogi  et  al.,  2000;  Riganti  et  al.,  2007),  potentially  stimulating  the 
cGMP/PKG  signaling  pathway.  eNOS  is  well  known  to  regulate  cancer-related  events 
such  as  angiogenesis,  apoptosis,  cell  cycle  progression,  invasion,  and  metastasis  (Ying 
and  Hofseth,  2007).  Furthermore,  our  studies  show  that  eNOS  plays  an  important  role 
in  preventing  spontaneous  apoptosis  and  promoting  DNA  synthesis  and  cell  proliferation 
in  ovarian  cancer  cells  (Leung  etai,  2008;  Leung  efa/.,  2010). 

PKG-I  is  expressed  in  a  vast  number  of  normal  mammalian  cells  ((Orstavik  et  al., 
1997)  reviewed  in  Fiscus  2002).  Although  initially  PKG-I  expression  was  thought  to  be 
low  or  even  absent  in  cancer  cells  cancer  cells  (Hou  et  al.,  2006;  Wong  et  al.,  2001 ), 
studies  from  our  lab  have  shown  that  PKG-I,  especially  the  PKG-la  isoform,  is 
expressed  in  all  cancer  cell  lines  studied,  including  neuroblastoma  cells  (Fiscus,  2002; 
Johlfs  and  Fiscus,  2010),  ovarian  cancer  cells  (Leung  efa/.,  2010)  and  breast,  lung  and 
prostate  cancer  cells  (unpublished  data  from  the  Fiscus  lab).  Nitric  oxide  mediates 
vasoregulatory  function  via  its  ability  to  increase  intracellular  PKG  activity  in  VSMCs 
(Fiscus  efa/.,  1983).  Increased  inducible  nitric  oxide  (iNOS)  is  correlated  with  poor 
survival  in  melanoma  patients  (Ekmekcioglu  efa/.,  2003).  Similarly,  decreased 
endogenous  nitric  oxide  (eNOS)  expression  is  correlated  with  increased  sensitivity  to 
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cisplatin-induced  apoptosis  in  melanoma  (Grimm  et  al.,  2008)  and  ovarian  cancer  cells 
(Leung  et  al.,  2008).  Also,  in  ovarian  cancer  cells,  our  lab  has  shown  that  downstream 
activation  of  PKG-la  contributes  to  Src  activation,  leading  to  increased  cell  proliferation 
(Leung  et  al.,  2010).  In  mesothelioma  cells,  the  inhibition  of  Src  kinase  activity  has  been 
shown  to  lead  to  apoptosis,  cell  cycle  arrest,  and  deceased  migration  and  invasion  (Tsao 
et  al.,  2007),  illustrating  an  important  role  of  Src  activation  in  mesothelioma  cells.  Thus, 
Src  activation  mediated  by  PKG-I  may  be  important  in  the  regulation  of  proliferation  and 
apoptosis  in  mesothelioma  cells.  Future  studies  in  our  laboratory  will  determine  the 
potential  involvement  of  Src  and  the  actions  of  PKG-I  in  mesothelioma  cells. 

In  the  present  study,  we  used  reverse  transcriptase  (RT)-PCR  and  subsequent 
analysis  on  an  automated  12-channel  capillary  electrophoresis  with  light  emitting  diode 
induced  fluorescence  (12-CE-LED-IF)  system  to  determine  the  expression  of  PKG-I 
mRNA  in  two  mesothelioma  cell  lines.  PKG-I  isoforms  are  expressed  in  both  of  these 
cell  lines,  albeit  at  very  different  levels,  i.e.  MSTO-21 1 H  cells  express  relatively  high 
levels  of  both  PKG-la  and  PKG-I(3  whereas  NCI-H2452  cells  express  lower  levels  of  the 
PKG-I  isoforms.  Nevertheless,  in  both  cell  lines,  we  were  able  to  demonstrate  the 
protective  role  of  PKG-I,  using  a  soluble  guanylyl  cyclase  inhibitor  (ODQ)  and  RNA 
interference  (shRNA  targeting  PKG-I).  Clearly,  the  levels  of  PKG-I  expressed  in  these 
mesothelioma  cells  are  sufficient  to  mediate  the  effects  (proliferation,  cell  survival  and 
cell  adhesion)  measured  in  the  present  study. 

In  the  present  study,  when  PKG-I  expression  was  knocked  down,  these  normally 
adherent  cells  detach  from  the  plate,  presumably  as  they  enter  an  apoptotic  state. 
Blocking  the  PKG-I  pathway  with  an  inhibitor  of  soluble  guanylyl  cyclase,  ODQ,  also 
triggers  these  cells  to  enter  an  apoptotic  state  and  detach  from  the  plate.  We  also  found 
that  integrin  (31,  a  receptor  that  contributes  to  the  attachment  between  cells  and  the 
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tissue  around  it,  are  down-regulated  in  mesothelioma  cells  in  which  the  cGMP/PKG-l 
pathway  is  disrupted  or  PKG-I  expression  in  knocked  down.  Integrin  (31  promotes  a 
malignant  phenotype  and  cell  proliferation  in  breast  cancer  (Weaver  eta!.,  1997)  and  it 
has  been  shown  that  down-regulating  the  expression  of  integrin  (31  in  prostate  cancer 
cells  decreases  cell  proliferation  (Goel  et  al.,  2010).  Malignant  pleural  mesothelioma 
cells  are  known  to  express  integrin  (31  (Koukoulis  et  al.,  1997),  therefore  this  integrin 
isoform  was  chosen  for  the  present  study.  The  present  study  also  shows  that  VASP,  a 
protein  that  associates  with  integrin  and  is  important  for  cell  attachment,  is  constitutively 
phosphorylated  in  the  mesothelioma  cells  in  a  PKG-l-dependent  manner.  Others  have 
shown,  using  VASP  knockout  endothelial  cells,  that  the  PKG-I  substrate  VASP  is 
essential  for  integrin-mediated  cell  adhesion  and  migration  (Schlegel  and  Waschke, 
2009),  further  implicating  PKG-I’s  role  in  promoting  cell  adhesion. 

It  is  particularly  vital  to  develop  alternative  therapies  for  the  treatment  of 
mesothelioma,  as  these  cells  are  resistant  to  various  chemotherapeutic  agents,  such  as 
cisplatin  and  doxorubicin,  and  the  median  overall  survival  (OS)  of  patients  with  the 
disease  is  9-17  months  (Ahamad  et  al.,  2003;  Vogelzang  et  al.,  2003).  Although  PKG-I 
is  recognized  as  the  key  protein  kinase  mediating  the  biological  responses  to  nitric  oxide 
(NO)  in  airway  and  vascular  smooth  muscle  cells  (Fiscus  et  al.,  1983;  Fiscus  et  al., 
1984),  recent  studies  from  our  laboratory  have  shown  that  PKG-I  also  has  an  important 
protective  role  in  cancer  cells,  i.e.  preventing  the  spontaneous  onset  of  apoptosis  and 
promoting  cell  proliferation  in  neuroblastoma  cells  (Johlfs  and  Fiscus,  2010)  and  ovarian 
cancer  cells  (Leung  et  al.,  2010).  The  present  study,  using  RNAi  gene  knockdown 
techniques,  have  shown  that  PKG-I  also  plays  an  essential  role  in  promoting  integrin  (31 
expression,  cell  attachment  and  proliferation  in  mesothelioma  cells.  Selective  inhibition 
of  PKG-I  in  mesothelioma  cells  may  be  an  effective  way  to  control  tumor  growth. 
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Furthermore,  the  development  of  inhibitors,  that  block  key  downstream  targets 
facilitating  the  pro-cancer  effect  of  PKG-I  may  prove  to  be  promising  anti-cancer 
therapeutic  agents. 
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Materials  and  methods 


Materials 

The  materials  used  and  their  suppliers  included  MSTO-211H,  NCI-H2452  and  RPMI 
1640  (ATCC,  Manassas,  VA);  Fetal  bovine  serum  (Gemini  Bio-Products,  West 
Sacramento,  CA);  ODQ  (1H-[1,2,4]Oxad-iazolo[4,3-a]quinoxalin-1-one)  (Sigma,  St. 

Louis,  MO);  8-Br-cGMP  (BioMol,  Plymouth  Meeting,  PA,  USA);  Crystal  violet  (Fisher 
Scientific,  Pittsburgh,  PA);  anti-PKG-l  (c-terminal),  anti-PKG-la,  anti-PKG-l(3,  anti-eNOS, 
anti-phospho  VASP  (ser239),  anti-integrin  (31  antibodies  (Cell  Signaling  Technology, 
Danvers,  MA);  anti-(3-actin  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA);  anti-rabbit- 
CW800  secondary  antibody,  and  blocking  buffer  (LI-COR,  Lincoln,  NE);  PKG-l-specific 
HuSH  vectors  (Origene,  Rockville,  MD);  FastStart  universal  master  (Roche,  Basel, 
Switzerland);  lOObp  DNA  ladder,  Trizol,  Superscript®  VILO™  cDNA  synthesis  kit, 
Lipofectamine  2000;  4-12%  Bis-Tris  NuPAGE  gel  system,  EZO  protein  Ouantitation  Kit, 
and  Vybrant  Cell  Adhesion  Assay  Kit  (Invitrogen,  Carlsbad,  CA);  Caspase  3/7  Glo  assay 
and  MTT  assay  (Promega,  Madison,  Wl);  OlAxcel  System  (Oiagen,  Germantown, 
Maryland);  PKG-l-specific  primers  (Integrated  DNA  Technologies,  Coralville,  IA);  Duolink 
in  situ  PLA  kit  (Olink,  Bioscience,  Uppsala,  Sweden). 

ODQ  and  8-Br-cGMP  treatments 

To  determine  the  effects  of  ODO,  an  inhibitor  of  soluble  guanylyl  cyclase,  on 
MSTO-21 1 H  and  NCI-H2452  cells,  cells  were  seeded  in  96  well  plates,  as  described 
above  and  grown  overnight.  The  following  day,  cells  were  treated  with  ODO  (25  and  50 
pM)  in  the  absence  or  presence  of  1.0  mM  8-br-cGMP,  a  stimulator  of  the  PKG  pathway. 
After  a  24  hour  incubation,  the  cells  were  tested  for  changes  in  levels  of  apoptosis  and 
cell  proliferation  using  Caspase  Glo  3/7  and  MTT  assays,  respectively. 
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Western  blot  analysis 

Western  blots  were  conducted  as  previously  described  (Johlfs  and  Fiscus,  2010). 

In-Cell  Westerns  and  Immunocytochemistry 

In-cell  Westerns  were  conducted  as  previously  described  (Johlfs  and  Fiscus, 
2010).  The  immunocytochemistry  assays  with  the  Duolink  in  situ  PLA  assay  kit  were 
carried  out  identically,  except  after  incubation  with  the  primary  isoform-specific  PKG-I 
antibodies,  cells  were  washed  and  incubated  with  PLUS  and  MINUS  anti-rabbit  PLA 
probes  and  processed  with  the  Duolink  assay  kit.  Cells  were  imaged  using  an  EVOS 
fluorescence  microscope  (Advanced  Microscopy  Group,  Bothell,  WA). 

RNA  interference 

Cells  to  be  tested  for  induction  of  apoptosis,  inhibition  of  cell  growth,  or  changes 
in  cell  adhesion  were  seeded  in  a  96  well  plate  at  a  density  of  20,000  cells/well  in  media 
lacking  antibiotics  and  were  incubated  for  24  hours.  For  each  test,  at  least  three  wells 
were  seeded.  The  following  day,  the  cells  were  transfected  with  PKG-l-specific  shRNA 
containing  expression  vectors.  The  following  was  prepared,  depending  on  the  number 
of  treated  wells:  3.0%  lipofectamine  and  lug  of  vector  in  100  uL  of  Opti-MEM 
(Invitrogen)  serum  free  media  per  1  million  cells.  The  mixture  was  incubated  at  room 
temperature  for  20  minutes.  The  mixture  was  then  added  to  the  cells  drop-wise  so  that  it 
consisted  of  5%  of  the  media  volume.  Following  gentle  mixing,  the  cells  were  incubated 
for  48-72  hours  and  levels  of  apoptosis,  cell  proliferation  and  cell  adhesion  were 
assessed.  PKG  expression  levels  were  monitored  using  RT-PCR  and  subsequent 
analysis  on  a  12-channel  capillary  electrophoresis  system  with  a  light  emitting  diode.  It 
should  be  noted  that  PKG-II  expression  was  not  effected  due  to  low  sequence  similarity. 
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Gene  expression  analysis  on  a  12-channel  capillary  electrophoresis  system  with  a  light 
emitting  diode-induced  fluorescence  detector  (CE-LED-IF) 

RNA  was  trizol  extracted  from  50,000  cells  and  DNAse  treated.  One  microgram  of 
purified  total  RNA  was  converted  to  cDNA  using  Superscript  Vilo  reverse  transcriptase 
kit  (Invitrogen)  and  was  used  in  a  PCR  reaction  using  a  GeneAmp  PCR  system  9700. 
Unique  forward  primers  were  designed  for  each  isoform  (PKG-la:  5’ 
GGCGCAGGGCATCTCG  3’;  PKG-lp:  5’  GACCAGCCACCCAGCA  3’).  An 
oligonucleotide  sequence  common  to  both  isoforms  was  used  as  the  reverse  primer  for 
both  (5’  ATCCACAATCTCCTGGATCTG  3’).  All  three  primers  were  used  in  a 
multiplexed  reaction.  Expected  product  sizes  were  -173  and  227  base  pairs  for  PKG-la 
and  -ip,  respectively.  After  30  cycles,  the  PCR  products  were  run  on  a  QIAxcel 
(originally  distributed  through  eGene,  Inc.  and  subsequently  sold  to  Qiagen),  an 
automated  high  performance  genetic  analyzer  that  utilizes  capillary  electrophoresis  (CE) 
to  resolve,  identify  and  quantify  oligonucleotides.  The  CE-LED-IF  has  high  resolution, 
up  to  3-5  base  pairs  and  is  very  sensitive,  allowing  for  detection  of  low  levels  of  PKG-I 
expression.  Products  were  injected  at  8  kV  for  20  seconds  and  separated  at  6  kV  for 
400  seconds.  Results  were  analyzed  using  BioCalculator  1.6  software.  Products  were 
also  run  on  a  1 .0  %  agarose  gel,  isolated,  purified  and  sequenced  to  verify  their  identity. 

Analysis  of  apoptosis  and  cell  proliferation 

To  determine  levels  of  apoptosis,  caspase  3/7  activity  was  measured  using  Caspase 
Glo  3/7  (Promega).  Reagent  was  added  at  a  ratio  of  1 : 1  and  the  cells  were  incubated 
for  one  hour  at  37°C.  Luminescence  measurements  were  then  taken  and  data  was 
plotted  using  Graphpad  Prism  (Graphpad  Software,  Inc.,  La  Jolla,  CA).  To  determine 
changes  in  cell  proliferation,  MTT  reagent  (Promega)  was  used.  Ten  percent  total 
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volume  of  the  reagent  was  added  to  each  test.  After  a  two  hour  incubation  at  37°C,  the 
formazan  product  generated  in  viable  cells  was  solubilized  in  acid  for  two  hours  at  37°C. 
Absorbance  measurements  were  then  taken  at  570  nm  (650  nm  subtraction)  and  data 
was  plotted  using  Graphpad  Prism. 

Analysis  of  cell  adhesion 

To  determine  changes  in  cell  adhesion,  Vybrant  Cell  Adhesion  Assay  Kit  from 
Invitrogen  was  used.  72  hours  after  transfecting  the  cells  with  vectors  expressing 
shRNA  in  96  well  plates,  the  population  of  cells  in  the  culture  media  (detached  cells)  was 
removed  to  a  new  96  well  plate.  Fresh  media  was  replaced  in  the  original  plate.  The 
cells  were  then  loaded  with  5  pM  of  calcein  AM  dye,  which  fluoresces  in  the  cell  upon 
cleavage  by  esterases.  Fluorescence  was  measured  at  494  nm/517  nm.  Light 
microscope  photographs  were  performed  at  10X.  To  further  characterize  adhesion, 
clonogenic  assays  were  performed  using  crystal  violet.  After  staining,  the  dye  was 
solubilized  with  acetic  acid  and  absorbance  was  measured  at  595  nm. 
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Figure  Legends 


Figure  1  A.  Traditional  Western  blot  showing  eNOS  expression  in  MSTO-211H  and 
NCI-H2452  cells.  B.  Traditional  Western  blot,  using  a  C-terminal  anti-PKG-l  antibody, 
capable  of  recognizing  both  PKG-I  isoforms.  Both  PKG-I  isoforms,  PKG-la  and  PKG-I(3, 
are  expressed  in  both  MSTO-211H  and  NCI-H2452  mesothelioma  cell  lines.  C.  In-cell 
Westerns  showing  expression  of  PKG-I  isoforms  in  both  MSTO-211H  and  NCI-H2452 
mesothelioma  cell  lines.  Both  PKG-I  isoforms  are  expressed  at  higher  levels  in  the 
MSTO-21 1 H  cell  line,  compared  to  the  NCI-H2452  cells,  but  both  cell  lines  expressed 
detectable  levels  of  both  PKG-la  and  PKG-I(3.  Similar  results  were  obtained  in  three 
other  experiments. 

Figure  2  A.  Traditional  Western  blots,  using  recombinant  human  PKG-la  and  human 
PKG-I|3  as  standards,  demonstrating  the  specificity  of  the  PKG-I  isoform-specific 
antibodies.  B.  Ultrasensitive  immunocytochemistry  (using  Duolink  system)  showing  the 
expression  of  PKG-la  and  PKG-I(3  in  MSTO-21 1 H  and  NCI-H2452  cells.  C.  A  proposed 
cellular  model  of  NO-stimulated  PKG-I  activity  and  its  interactions  with  downstream 
targets,  which  promotes  integrin  expression,  cell  attachment,  cell  proliferation  and 
inhibits  spontaneous  apoptosis. 

Figure  3  A.  A  simplified  diagram  of  the  NO/cGMP/PKG-l  signaling  pathway  and  its 
downstream  effects  in  mesothelioma  cells,  emphasizing  the  activators  and  inhibitors 
used  in  the  present  study.  B.  Caspase  3/7  assays  show  that  inhibition  of  endogenous 
NO-induced  soluble  guanylyl  cyclase  activity  with  25  and  50  pM  of  ODQ  increases  the 
levels  of  apoptosis  in  both  MSTO-21 1 H  and  NCI-H2452  cells.  This  effect  was 
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counteracted  by  treatment  with  8-Br-cGMP,  a  cell  permeable  cGMP  analog  that 
bypasses  the  ODQ  block.  Similar  results  were  obtained  in  three  other  experiments.  C. 
MTT  assays  show  that  inhibition  of  soluble  guanylyl  cyclase  with  25  and  50  pM  of  ODQ 
decreases  cell  proliferation  in  MSTO-21 1H  and  NCI-H2452  cells.  Growth  was 
significantly  increased  when  8-Br-cGMP  was  added  in  the  presence  of  the  ODQ  block. 
Similar  results  were  obtained  in  three  other  experiments.  *  P<  0.05,  compared  to  no 
treatment  control  (No  trmt),  **  P<  0.01,  compared  to  no  trmt;  ***P<  0.001,  compared  no 
trmt,  #  P<  0.05,  compared  to  ODQ  alone,  ###  P<  0.01 ,  compared  to  ODQ  alone,  ###  P< 
0.001,  compared  to  ODQ  alone. 

Figure  4  A.  PKG-la  and  PKG-IJ3  isoforms  are  both  expressed  at  lower  levels  in  MSTO- 
21  1 H  cells  treated  with  shRNAs.  Gel  images  and  corresponding  electropherograms 
show  (RT)-PCR  products  analyzed  on  a  12-channel  capillary  electrophoresis  system, 
using  light  emitting  diode  induced  fluorescence,  to  determine  relative  mRNA  levels.  B. 
PKG-la  and  PKG-I(3  isoforms  are  both  expressed  at  lower  levels  in  NCI-H2452  cells 
treated  with  shRNAs. 

Figure  5  Knocking  down  PKG-I  expression  levels  in  MSTO-21 1H  and  NCI-H2452  cells 
decreases  the  phosphorylation  level  of  VASP,  a  well  established  target  (intracellular 
substrate)  of  PKG-I,  at  serine  239,  thus  indicating  that  the  shRNA  constructs  are 
effectively  reducing  not  only  transcript  levels,  but  also  the  enzymatic  activity  of  PKG-I  in 
these  cells.  Similar  results  were  obtained  in  three  other  experiments. 

Figure  6  A.  Caspase  3/7  assays  show  that  PKG-I  knockdown  clones  have  higher 
levels  of  apoptosis  in  MSTO-21 1 H  and  NCI-H2452  cells.  Similar  results  were  obtained 
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in  three  other  experiments.  B.  MTT  assays  show  that  knocking  down  PKG-I  expression 
leads  to  decreased  cell  proliferation  in  MSTO-211H  and  NCI-H2452  cells.  Similar 
results  were  obtained  in  three  other  experiments.  *  P<  0.05,  compared  to  no  treatment 
control  (no  trmt);  **  P<  0.01,  compared  to  no  trmt;  ***P<  0.001 ,  compared  no  trmt, 

Figure  7  A.  Gene  knockdown  of  PKG-I  expression  in  MSTO-211H  cells  results  in 
detachment  of  cells  from  the  plate.  A  Vybrant  cell  adhesion  assay  was  used  to  show 
that  when  PKG-I  expression  is  decreased,  the  population  of  cells  attached  to  the  culture 
plate  decreases,  and  the  population  of  cells  that  detach  increases.  Similar  results  were 
obtained  in  three  other  experiments.  B.  MSTO-211H  cells  were  photographed  at  10X 
magnification  to  show  the  morphological  change  that  occurs  after  cells  are  treated  with 
PKG-I  specific  shRNAs.  The  cells  round  up  and  detach  from  the  culture  plate.  C. 
Clonogenic  assays  with  crystal  violet  also  show  the  PKG-I  knockdowns  have  decreased 
colony  formation.  Cells  that  had  detached  were  removed  and  those  colonies  remaining 
were  stained  and  quantified.  *  P<  0.05,  compared  to  no  treatment  control  (no  trmt),  ** 

P<  0.01 ,  compared  to  no  trmt. 

Figure  8  A.  MSTO-211H  and  NCI-H2452  cells  treated  with  ODQ  have  decreased  levels 
of  expression  of  integrin  (31,  one  of  the  proteins  known  to  be  involved  in  cell  attachment. 
Similar  results  were  obtained  in  three  other  experiments.  B.  MSTO-21 1 H  and  NCI- 
H2452  cells  with  decreased  levels  of  PKG-I  expression  (following  PKG-l-specific  shRNA 
gene  knockdown)  also  have  decreased  levels  of  integrin  (31 .  Similar  results  were 
obtained  in  three  other  experiments. 
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Abstract 


Previously  our  lab  has  shown  the  involvement  of  nitric  oxide  (NO),  cGMP  and  protein 
kinase  G  (PKG)  in  the  regulation  of  apoptosis  in  both  normal  cells  and  transformed  cells. 
In  the  present  study,  it  is  hypothesized  that  PC-3,  DU  145  and  LNCaP  prostate  cancer 
cell  lines  might  involve  the  NO/cGMP/PKG  signaling  pathway  in  the  regulation  of 
spontaneous  apoptosis.  To  test  this  hypothesis,  apoptosis  assays  (Cell  Death  Detection 
ELISAs,  measuring  apoptotic  DNA  fragmentation)  and  Caspase-3/7  activity  assays  were 
used.  Western  blot  analysis  has  shown  that  all  three  of  the  prostate  cancer  cell  lines 
express  predominantly  the  PKG-la  isoform  of  PKG  and  endothelial  nitric  oxide  synthase 
(eNOS),  which  is  a  source  of  endogenous  NO.  ODO,  an  inhibitor  of  NO-induced 
activation  of  cGMP  synthesis  through  selective  inhibition  of  soluble  guanylyl  cyclase 
(sGC),  induced  apoptosis  in  all  the  three  prostate  cancer  lines.  ODG  also  induced 
caspase-3/7  activity  in  all  the  three  prostate  cancer  cells.  These  pro-apoptotic  effects  of 
ODO  were  reversed  by  the  cGMP  analog  8-Bromo-cGMP,  which  bypasses  the  ODQ 
block.  The  involvement  of  PKG-la  isoform  was  further  confirmed  by  inhibiting  the  PKG-la 
using  DT-2  and  DT-3,  both  of  which  induced  apoptosis  in  PC3,  DU145  and  LNCaP  cells. 
Gene  knockdown  using  PKG-l-specific  shRNA  in  PC-3  cells  also  lead  to  induction  of 
apoptotic  DNA  fragmentation  and  caspase-3/7  activation,  showing  a  clear  role  of  PKG-I 
in  continually  protecting  against  the  spontaneous  induction  of  apoptosis.  These  data 
identify  a  novel  signaling  pathway  in  prostate  cancer  cells  that  is  essential  for 
suppressing  the  induction  of  apoptosis.  New  therapeutic  agents  that  target  this  signaling 
pathway  may  provide  a  useful,  more  effective  means  for  stopping  the  development  of 
prostate  cancer. 
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Introduction 


Prostate  cancer  is  the  second  leading  cause  of  cancer  deaths  among  men  in  United 
States.  In  2008  an  estimated  186,320  new  cases  of  prostate  cancer  and  an  estimated 
28,660  new  prostate  cancer  deaths  occurred  in  USA  (Jemal  et  a/.,  2008)  Prostate 
cancer  is  resistant  to  chemotherapy,  radiation  and  hormone  therapy.  Both  local  and 
metastatic  prostate  cancer  prognosis  is  poor  (Stearns  and  McGarvey,  1992)  For  treating 
the  metastatic  prostate  cancer,  androgen  deprivation  therapy  is  commonly  employed 
but,  in  almost  all  of  the  cases  the  prostate  cancer  reverts  back  and  becomes  resistant 
(Denis  and  Murphy,  1993)  In  many  cases  chemotherapeutic  agents  are  not  100% 
effective  (Aaltoma  et  at.,  2001)  Hormone  refractory  prostate  cancer  treatment  in 
combination  with  chemotherapuetic  agents  is  still  not  effective  and  needs  further 
investigation  and  discovery  of  more  effective  treatment  methods  with  less  side  effects 
and  less  chances  of  the  tumor  reverting  back  (Oh  and  Kantoff,  1998) 

The  aim  in  the  present  study  is  to  determine  the  role  of  a  novel  signaling  pathway  driven 
by  NO,  cGMP  and  PKG  in  preventing  the  prostate  cancer  cells  from  undergoing 
spontaneous  apoptosis.  NO  activates  the  heme-containing  enzyme,  sGC  which  converts 
GTP  in  to  cGMP.  cGMP  further  activates  PKG  that  leads  to  phosphorylation  of  down 
stream  target  proteins  which  are  involved  in  cell  proliferation,  gene  regulation  and 
apoptosis.  In  mammals  the  elevation  in  cGMP  levels  and  the  activation  of  sGC,  have 
been  shown  to  activate  the  PKG  enzyme  (Fiscus  et  at.,  1985) 

NO  plays  an  important  role  in  neuronal  development  and  is  very  crucial  in  regulating  the 
cell  death  in  neurodegenerative  diseases  such  as  parkinson’s  disease,  Alzimers  and 
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dementia  (Chun  et  al.,  1995;  Ciani  et  at.,  2002;  Fiscus,  2002;  Fiscus  et  a!.,  2002; 
Lohmann  et  al.,  1997)  The  role  of  NO  as  pro-apoptotic  or  anti-apoptotic  molecule 
depends  on  its  concentration  (Jenkins  et  al.,  1995)  NO  activates  sGC  and  increases  the 
cGMP  levels.  cGMP  activates  the  PKG  which  is  an  intracellular  receptor  protein.  Other 
receptor  proteins  activated  by  cGMP  are  cGMP-regulated  ion  channels  and  cGMP- 
regulated  phosphodiesterases  (Lincoln  and  Cornwell,  1993)  cGMP  which  is  activated  by 
NO  and  the  natriuretic  peptides  has  been  implicated  in  regulating  gene  expression 
especially  in  cardio  vascular  system  (Pilz  and  Casteel,  2003)  cGMP  via  the  activation  of 
PKG  is  involved  in  relaxation  of  smooth  muscle  cells  (Fiscus  et  al.,  1983;  Fiscus  et  al., 
1985;  Murad  et  al.,  1985)  Further  it  has  been  shown  that  PKG-la  isoform  is  responsible 
for  relaxation  of  vascular  smooth  muscle  cells  via  cGMP-dependent  pathway  (Michael 
et  al.,  2008)  cGMP  also  plays  a  crucial  role  in  regulating  the  cytosolic  calcium  levels 
(Cornwell  and  Lincoln,  1989;  Felbel  et  al.,  1988)  Gene  deletion  studies  have  suggested 
that  PKG  signaling  plays  an  important  role  in  hear  physiology,  vasorelaxation  and 
platelet  function  (Hofmann  et  al.,  2006) 

There  are  two  forms  of  PKG:  PKG-I  and  PKG-II.  PKG-I  has  two  alternately  spliced 
variants  -  PKG-la  and  PKG-ip  (Woodford  et  al.,  1989)  The  two  isoforms  of  PKG-I,  la 
and  ip  differ  in  the  amino  terminal  region.  The  amino  terminus  of  PKG-la  has  been 
shown  to  be  responsible  for  regulation  the  binding  of  cGMP  (Pfeifer  et  al.,  1998;  Wernet 
et  al.,  1989) 

The  role  of  cGMP  and  PKG  at  the  basal  levels  has  been  implicated  in  immortalized 
uterine  epithelial  cells.  The  inhibitors  of  sGC  (ODQ  and  NS2028)  and  PKG  (KT5823) 
induce  apoptosis  in  these  cells  (Chan  and  Fiscus,  2003)  In  neuronal  cells  apoptosis  is 
regulated  by  cGMP/PKG  pathway.  BNP  (a  natriuretic  peptide  in  brain  that  activates 
particulate  guanylyl  cyclase,  pGC)  elevates  cGMP  levels  in  PCI 2  cells  and  prevents 
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spontaneous  apoptosis.  Also,  addition  of  cGMP  analog  8-Bromo-cGMP  that  activates 
PKG  protected  the  cells  against  apoptosis  (Fiscus  et  at,  2001)  ANP  also  induces 
smooth  muscle  cell  relaxation  in  rat  aorta  via  cGMP-dependent  protein  kinase  (Fiscus  et 
ai,  1985)  Both  ANP  and  BNP  protected  the  PC12  cells  against  spontaneous  apoptosis 
induced  by  serum-deprivation  (Fiscus  et  al.,  2001)  ANP  also  protects  the  NG108  cells 
from  spontaneous  apoptosis  (Cheng  Chew  et  ai,  2003)  It  has  been  also  proven  in  PCI 2 
and  NG108  cells  that  cGMP  acts  as  a  prosurvival  factor  and  inhibits  apoptosis  (Fiscus, 
2002)  PKG  also  regulates  bone  development  by  inducing  IL-6  expression,  8-CPT-cGMP 
induced  nuclear  translocation  of  PKG-I  and  increased  the  phosphorylation  of  CREB  at 
Ser  133  position.  Inhibitors  of  the  NO/cGMP/PKG  pathway  inhibited  the  IL-6  expression 
in  osteoblasts  (Broderick  et  ai,  2007)  PKG-I  nuclear  translocation  was  also  shown  to  be 
induced  by  adrenomedulin  and  the  PKG  inhibitor  DT-5823  blocks  these  effects 
(Berenguer  et  ai,  2008)  PKG  also  regulates  gene  expression  of  fos  (proto  Oncogene; 
AP-1  family  protein)  and  translocates  to  nucleus  where  it  phosphorylates  CREB  (Gudi  et 
ai,  2000) 

The  NO/cGMP/PKG  signaling  pathway  has  also  been  studied  in  the  cancer  cells.  The 
NO  pathway  via  cGMP-dependent  protein  kinase  has  been  shown  to  induce  apoptosis 
(Browning,  2008;  Liu  et  ai,  2001)  as  well  as  inhibits  migration  in  colon  cancer  cells 
(Deguchi  et  ai,  2004)  It  has  been  shown  previously  by  Dr.  Fiscus’  lab  that 
NO/cGMP/PKG-l  signaling  pathway  is  hyper  activated  in  ovarian  cancer  cells  that  leads 
to  resistance  to  chemotherapeutic  agents.  The  ovarian  cancer  cells  express  two  forms  of 
NO  synthase,  eNOS  and  nNOS,  which  is  the  source  of  endogenous  NO  (Fraser  et  al., 
2006;  Leung  et  ai,  2008)  It  has  also  been  shown  previously  that  prostate  cancer  tissue 
taken  from  patients  highly  express  iNOS  (Aaltoma  et  ai,  2001)  iNOs  is  expressed  highly 
in  human  prostate  carcinoma  but  not  in  the  normal  prostate  tissue  (Klotz  et  ai,  1998) 


5 


The  prostate  cancer  cell  line  LNCaP  also  express  eNOS  at  high  levels  (Tong  and  Li, 
2004)  In  this  study  we  hypothesize  that  in  prostate  cancer  cells  like  ovarian  cancer,  the 
NO  induced  PKG-I  signaling  pathway  is  hyper  activated  and  is  involved  in  protecting  the 
cells  from  spontaneous  apoptosis. 
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Materials  and  Methods 


Cell  cultures  and  reagents 

PC-3,  DU  145  and  LNCaP  prostate  cancer  cell  lines  were  obtained  from  American  type 
culture  collection  (Mansassas,  VA).  PC-3  cells  were  maintained  in  F-12K  medium, 
DU145  cells  were  maintained  in  Minimum  Essential  Medium  (MEM)  and  LNCaP  cells 
were  maintained  in  RPMI-1640  medium.  All  media  were  supplemented  with  10%  fetal 
bovine  serum  and  1%  penicillin-streptomycin  (ATCC,  Mansassas,  VA).  All  the  cells  were 
cultured  at  37°C,  at  5%  C02.  Cells  were  treated  with  ODQ  (Sigma,  St.  Louis,  MO,  USA) 
8-Bromo-cGMP  (Biomol  international,  Plymouth  Meeting,  PA,  USA)  and  PKG-la 
inhibitors  DT-2  and  DT-3  (Biolog,  Hayward  CA,  USA  and  Calbiochem,  Gibbstown,  NJ, 
USA)  to  measure  caspase-3/7  activity  and  apoptosis. 

Apoptosis  Assay:  Cell  Death  Detection  ELISA 

Cell  death  detection  was  determined  using  Cell  Death  Detection  ELSIA  kit  (Roche 
Diagnostics  Inc.  Indianapolis,  IN,  USA)  Ten  thousand  cells  per  well  of  96  well  plates 
were  exposed  to  the  PKG-la  inhibitors  DT-2  and  DT-3  at  0,  1,  10  and  30  pM 
concentrations  for  24  h  or  the  sGC  inhibitor  ODQ  at  0,  10,  30,  50  and  100  pM 
concentrations  for  24  h.  In  some  experiments,  cells  treated  with  ODQ  were  pretreated 
for  4  h  with  8-Bromo-cGMP,  a  direct  activator  of  all  isoforms  of  PKG.  At  the  end  of  the 
incubation  period,  levels  of  apoptosis  in  the  control  and  treatment  groups  were 
measured  following  the  manufacturer’s  protocol.  Each  control  and  treatment  group 
represents  6  different  samples. 
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Caspase  activity  by  Caspase-Glo  3/7  Assay 

Caspase-3/7  activity  in  all  the  three  of  the  prostate  cancer  cells  were  determined  using 
Caspase-3/7  Glo  activity  kit  (Promega  Corporation,  Madison,  Wl,  USA).  Two  thousand 
cells  per  well  were  plated  in  384  well  plates.  The  cells  were  exposed  to  the  sGC  inhibitor 
ODQ  at  0,  10,  30,  50  and  100  pM  concentrations  and  PKG-la  inhibitors  DT-2  and  DT-3 
at  0,  1  and  10  pM  concentrations  for  24  h.  At  the  end  of  the  incubation  period  caspase- 
3/7  activity  in  the  cell  lysates  was  measured  according  the  instructions  in  the 
manufacturer’s  protocol.  Each  control  and  treatment  group  represents  9  different 
samples. 

Cell  Lysis  and  Protein  Quantification 

For  western  blot  analysis,  one  million  cells  were  lysed  with  SDS  lysis  buffer.  The  total 
amount  of  protein  in  the  lysates  was  calculated  from  the  fluorescence-based  protein 
Quantitation  kit  EZQ  (Molecular  Probes,  Carlsbad,  CA,  USA) 

Western  blot  analysis  using  Infrared  imaging 

Equal  amounts  of  protein  from  all  the  three  prostate  cancer  cell  lines  were  loaded  and 
resolved  by  SDS-PAGE.  The  separated  proteins  were  transferred  to  a  nitrocellulose 
membrane  (Amersham  Biosciences,  Piscataway,  NJ,  USA)  through  a  wet  transfer  at 
35Volts  overnight  at  4°C.  The  membrane  was  blocked  at  room  temperature  for  one  hour 
in  the  blocking  buffer  (LI-COR  Biosciences,  Lincoln,  NE,  USA)  with  0.1%  Tween 
(Invitrogen,  Carlsbad,  CA,  USA)  followed  by  overnight  incubation  with  the  primary 
antibody,  rabbit  anti-PKG-l  antibody  (Cell  signaling  technology,  Beverly,  MA,  USA) 
(247.7  pg/ml)  at  1:1000  dilution  or  rabbit  anti-eNOS  antibody  (Calbiochem,  Gibbstown, 
NJ,  UAS)  at  1:500  dilution  and  anti  a-GAPDH  antibody  (eGene  Inc.,  Irvine,  CA,  USA) 
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Secondary  antibodies  labeled  with  infrared  dyes  were  used  (LI-COR  biosciences).  The 
membranes  were  scanned  on  the  LI-COR  Infrared  imaging  system  for  the  expression  of 
PKG-I  or  eNOS  in  all  the  three  prostate  cancer  cell  lines. 


RNA  interference 

PC-3  cells  to  be  tested  for  induction  of  apoptosis  were  seeded  in  a  96  well  plate  at  a 
density  of  20,000  cells/well  in  media  lacking  antibiotics  and  incubated  overnight.  The 
following  day,  the  cells  were  transfected  with  PKG-l-specific  shRNA  containing 
expression  vectors  (Origene,  Rockville,  MD)  as  follows:  3.0%  Lipofectamine  2000 
(Invitrogen)  and  vector  at  a  ratio  of  lug/IOOul  were  added  to  Opti-MEM  (Invitrogen) 
serum  free  media  and  incubated  at  room  temperature  for  20  minutes.  The  mixture  was 
then  added  to  the  cells  drop-wise.  Following  gentle  mixing,  the  cells  were  incubated  for 
48-72  hours  and  levels  of  apoptosis  were  assessed.  PKG  expression  levels  were 
monitored  using  RT-PCR  and  subsequent  analysis  on  a  12-channel  capillary 
electrophoresis  system  with  a  light  emitting  diode  (eGene  Inc.,  Irvine,  CA,  USA) 

Gene  expression  analyzed  on  a  12-channel  capillary  electrophoresis  system  with  a  light 
emitting  diode 

RNA  was  trizol  (Life  Technologies,  Grand  Island,  NY,  USA)  extracted  from  50,000  PC-3 
cells.  One  microgram  of  purified  total  RNA  was  converted  to  cDNA  using  Superscript 
Vilo  reverse  transcriptase  kit  (Invitrogen)  The  cDNA  was  used  in  a  PCR  reaction  with  the 
PKG-la  specific  primers  (Forward  Primer  -  5’-GGC  GCA  GGG  CAT  CTC  G-3’  and 
Reverse  Primer  -  5’-ATC  CAC  AAT  CTC  CTG  GAT  CTG-3’  from  Integrated  DNA 
technologies,  Coralville,  IA,  USA)  using  a  GeneAmp  PCR  system  9700.  After  30  cycles, 
the  PCR  products  were  run  on  a  QIAexcel  (eGene,  Inc.),  an  automated  high 
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performance  genetic  analyzer  that  utilizes  capillary  electrophoresis  (CE).  Products  were 
injected  at  8  kV  for  20  seconds  and  separated  at  6kV  for  400  seconds.  Products  were 
sequenced  to  verify  their  identity. 


Statistical  Analysis 

Results  were  expressed  as  the  mean  ±  SEM  of  at  least  6  different  samples.  Statistical 
analysis  was  performed  by  one  way  ANOVA  followed  by  Dunnett’s  post  test  using 
PRISM  software  (Version  3.0;  GraphPad)  Results  were  inferred  using  a  statistical 
significance  of  P<0.01. 
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Results 


Prostate  cancer  cells  express  eNOS 

To  determine  whether  the  prostate  cancer  cells  express  the  nitric  oxide  synthase  (NOS) 
which  is  the  potential  source  of  NO  in  these  cells,  western  blot  analysis  was  carried  out 
using  specific  antibody  against  eNOS.  All  the  three  prostate  cancer  cell  lines  express  the 
eNOS  although  at  different  expression  levels  (Figure  1,  Panel  A).  This  proves  that  eNOS 
is  the  source  of  NO  in  these  cells  which  activates  sGC.  sGC  is  the  major  enzyme 
responsible  for  inducing  cGMP  synthesis  in  mammalian  cells  (Pilz  and  Casteel,  2003) 

ODQ  induces  caspase-3/7  activity  in  all  the  three  prostate  cancer  cell  lines 
To  determine  the  role  of  cGMP/PKG-la  pathway  in  maintaining  low  levels  of  apoptosis  in 
prostate  cancer  cells,  we  treated  all  the  three  prostate  cancer  cell  lines  with  ODQ  for  24 
hours  at  the  concentrations  of  0,  10,  30,  50  and  100  pM.  ODQ  induced  caspase-3/7 
activity  in  a  dose  dependent  manner  in  all  the  three  prostate  cancer  cell  lines  (Figure  1, 
Panel  B).  This  proves  that  inhibiting  the  sGC  enzyme  induces  caspase  activity,  by 
inhibiting  the  cGMP  synthesis  and  further  decreasing  the  activity  of  PKG-la. 

ODQ  induces  apoptosis  in  all  the  three  prostate  cancer  cell  lines 

After  determining  the  induction  of  caspase  activity  by  ODQ,  we  further  tested  if  inhibiting 
sGC  will  induce  apoptosis.  To  determine  this  Cell  Death  Detection  ELISA  was  used.  Ten 
thousand  cells  were  plated  per  well  of  a  96-well  plate,  the  cells  were  treated  with  ODQ 
the  following  day,  at  the  concentrations  of  0,  10,  30  and  50  pM.  After  24  h  exposure  to 
ODQ,  apoptosis  was  measured  as  described  in  materials  and  methods  section.  In  PC-3, 
DU145  and  LNCaP  cells,  ODQ  induced  apoptosis  in  a  dose  dependent  manner.  In  PC-3 
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cells  30  and  50  pM  ODQ  significantly  induced  apoptosis,  almost  4  fold  increase 
compared  to  the  control  (Figure  2,  panel  A)  In  DU145  cells,  30  and  50  pM  ODQ  induced 
3  fold  and  3.2  fold  increase  in  apoptosis  respectively  compared  to  the  control  (Figure  3, 
panel  A)  In  LNCaP  cells,  30  and  50  pM  ODQ  induced  2.5  fold  and  4.0  fold  increase  in 
apoptosis  respectively  compared  to  the  control  (Figure  4,  panel  A)  This  further  provides 
an  evidence  for  the  role  of  cGMP  mediated  induction  of  apoptosis  in  the  prostate  cancer 
cell  lines. 

8-Bromo-cGMP  reverses  the  apoptosis  induced  by  ODQ  in  prostate  cancer  cell  lines 
To  determine  the  role  of  PKG-la  which  is  the  downstream  protein  kinase  activated  by 
cGMP,  we  used  8-Bromo-cGMP  which  is  a  direct  activator  of  PKG-la  to  bypass  the 
ODQ-induced  block  in  the  NO/cGMP/PKG-la  signaling  pathway.  To  show  that  the 
proposed  signaling  pathway  is  mediated  by  PKG-la,  we  treated  all  the  three  prostate 
cancer  cell  lines,  with  8-Bromo-cGMP  prior  to  the  treatment  with  sGC  inhibitor  ODQ. 
This  will  allow  the  accumulation  of  enough  PKG-la  activity  that  would  allow  the  cells  to 
bypass  the  ODQ  induced  inhibition  of  sGC  and  its  effects  (lowering  of  PKG-la  activity  via 
decreasing  the  cGMP  levels)  8-Bromo-cGMP  was  added  at  the  concentration  of  1000 
pM  at  least  one  hour  before  the  addition  of  30  pM  ODQ.  After  24  h  incubation  apoptosis 
was  measured  in  these  cells  using  Cell  Death  Detection  ELISA.  In  both  DU145  cells  and 
LNCaP  cells,  8-Bromo-cGMP  pre  treatment  reversed  the  effects  of  ODQ  almost 
completely,  indicating  the  involvement  of  PKG-la  in  inducing  apoptosis  in  these  cells. 
(Figure  3,  panel  B  and  Figure  4,  panel  B  respectively)  In  PC-3  cells  the  effects  of  8- 
Bromo-cGMP  was  not  significantly  seen  (Figure  2,  Panel  A).  This  difference  in  the 
response  to  8-Bromo-cGMP  can  be  attributed  to  the  type  of  PKG-I  isoforms  expressed  in 
this  cell  line.  The  basal  levels  of  PKG-la  and  ip  isoforms  have  opposite  effects  on  cells. 
PKG-la  basal  activation  protects  the  cells  whereas  basal  PKG-ip  activation  promotes 
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apoptosis.  Since  PC-3  cells  express  both  isoforms  of  PKG-I,  (Figure  5,  panel  A)  the  8- 
Bromo-cGMP  effects  are  not  totally  uncovered. 

Differential  expression  of  PKG-I  isoforms  in  prostate  cancer  cells 

Now  that  we  have  confirmed  the  role  of  PKG-la  isoform  in  maintaining  low  levels  of 
apoptosis,  we  then  looked  at  the  expression  levels  of  PKG-la  in  all  the  three  prostate 
cancer  cell  lines.  Western  blot  analysis  was  carried  out  using  Odyssey  infrared  imaging 
system  as  described  in  materials  and  methods.  70  pg  of  total  protein  was  used  for  each 
cell  line.  PC-3  cells  express  both  the  isoforms  of  PKG-I,  with  PKG-la  predominantly  than 
PKG-ip.  (Figure  5,  panel  A)  The  digitally  enhanced  image  shows  the  expression  of  PKG- 
la  isoform  in  DU145  cells  and  LNCaP  whereas  PKG-ip  isoform  is  not  detectable.  (Figure 
5,  panel  A)  The  Odyssey  Infrared  imager  allows  quantifying  the  western  blot  signal 
which  is  shown  in  Figure  5,  panel  B.  The  relative  levels  of  PKG-la  isoform  expression 
are  different  in  the  three  prostate  cancer  cell  lines.  PC-3  cells  express  4.4  times  more 
than  DU145  and  LNCaP  cells. 

PKG-la  inhibitors  DT-2  and  DT-3  induce  caspase-3/7  activity 

The  role  of  PKG-la  basal  activity  in  preventing  spontaneous  apoptosis  was  elucidated  by 
using  direct  PKG-la  inhibitors  DT-2  and  DT-3,  both  of  which  induced  caspase-3/7 
activity.  The  cells  are  treated  with  the  peptides  DT-2  and  DT-3  at  the  concentrations  0,  1 
and  10  pM  each  for  24  h.  After  the  incubation  caspase  activity  was  measured  using 
Caspase-3/7  Glo  assay  as  described  in  materials  and  methods.  In  PC-3  and  DU145 
both  DT-2  and  DT-3  significantly  induced  caspase-3/7  activity  in  a  dose  dependent 
manner  (Figure  6,  panel  A  and  panel  B  respectively).  In  LNCaP  cells  DT-2  induced 
caspase-3/7  activity  in  a  dose  dependent  manner  (Figure  6,  panel  C),  whereas  DT-3 
induced  caspase-3/7  activity  at  10  pM  concentration. 
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PKG-la  inhibitors  DT-2  and  DT-3  induce  apoptosis 


Both  the  PKG-la  inhibitors  DT-2  and  DT-3  induce  apoptosis  in  prostate  cancer  cells.  The 
cells  were  treated  with  DT-2  and  DT-3  at  the  concentrations  of  0.0,  1.0  and  10.0  pM. 
After  24  h  treatment  the  cells  were  lysed  and  the  apoptotic  DNA  fragments  were 
measured  using  a  Cell  Death  Detection  ELISA.  In  PC-3  cells,  1.0  pM  DT-2  and  DT-3  did 
not  induce  statistically  significant  increase  in  apoptosis,  but  10.0  pM  DT-2  and  DT-3 
induced  4.5  fold  and  1.6  fold  increases  in  apoptosis  compared  to  the  control  (Figure  7, 
Panel  A).  In  DU145  cells,  both  DT-2  and  DT-3  induced  dose  dependent  increase  in 
apoptosis.  With  1.0  and  10.0  pM,  DT-2  induced  1.9  fold  and  2.0  fold  increase  in 
apoptosis  respectively.  DT-3  at  lower  concentration  of  1.0  pM  did  not  induce  statistically 
significant  level  of  apoptosis,  but  with  10.0  pM  concentration  it  induced  1.7  fold  increase 
in  apoptosis  compared  to  the  control  (Figure  7,  Panel  B).  In  LNCaP  cells  both  DT-2  and 
DT-3  showed  statistically  significant  and  dose  dependent  increase  in  apoptosis 
compared  to  the  control.  DT-2  induced  1.75  fold,  3.0  fold  and  6.25  fold  increases  in 
apoptosis  compared  to  the  control  (Figure  7,  Panel  C).  DT-3  induced  1.26  fold,  1.31  fold 
and  3.6  fold  increases  in  apoptosis  compared  to  the  control  (Figure  7,  Panel  D).  The 
difference  in  responses  with  DT-2  and  DT-3  can  be  attributed  to  the  way  these  peptides 
are  transported  into  the  cells  as  well  as  their  resistance  to  be  degraded  by  the  cellular 
components  before  they  could  inhibit  the  PKG.  These  responses  might  also  be  attributed 
to  differences  in  the  cell  lines.  These  results  with  the  direct  PKG-la  inhibitors  suggests 
that  in  all  the  three  prostate  cancer  cell  lines,  PKG  signaling  pathway  is  involved  in 
maintaining  low  levels  of  apoptosis  and  is  important  for  prolonged  survival  of  prostate 
cancer  cells. 
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Gene  knockdown  using  PKG-l-specific  shRNA  induce  apoptosis  and  caspase  activation 
in  PC-3  prostate  cancer  cell  line 

To  further  confirm  the  role  of  PKG-la  in  inducing  apoptosis,  PC-3  cells  were  transfected 
with  PKG-l-specific  shRNA  containing  expression  vector  for  48-72  hours  as  described  in 
materials  and  methods.  At  the  end  of  the  incubation  period  the  PKG-I  knockdown  is 
confirmed  by  gene  expression  analysis  on  a  12-channel  capillary  electrophoresis  system 
(as  described  in  materials  and  methods)  (Figure  8,  Panel  A)  PC-3  cells  after 
transfection,  were  lysed  and  the  apoptotic  DNA  fragments  were  measured  using  a  Cell 
Death  Detection  ELISA.  Compared  to  the  control  and  the  negative  control,  the  PKG-I 
knockdown  showed  a  significant  increase  in  the  level  of  apoptosis  (Figure  8,  Panel  B) 
PC-3  cells  transfected  with  PKG-l-specific  shRNA  were  also  analyzed  for  the  induction 
of  caspase-3/7  activity  using  caspase-3/7  Glo  assay.  The  PKG-I  knockdown  showed  a 
significant  increase  in  caspase-3/7  activity  compared  to  the  no  treatment  and  the 
negative  control  (Figure  8,  Panel  C)  The  results  with  gene  knockdown  /  transfection 
studies  strongly  suggests  that  PKG-la  isoform  is  involved  in  preventing  spontaneous 
apoptosis  in  PC-3  prostate  cancer  cell  line. 
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Discussion 


In  this  study  we  demonstrated  that  NO/cGMP/PKG  signaling  pathway  plays  a  significant 
role  in  maintaining  low  levels  of  apoptosis  in  PC-3,  DU145  and  LNCaP  cell  lines.  Here 
we  showed  that  prostate  cancer  cells  express  eNOS  which  is  a  source  of  NO  and  PKG- 
la  isoform  using  western  blotting  technique.  Our  data  using  highly  specific  sGC  enzyme 
inhibitor  ODQ  and  selective  PKG-la  inhibitors  DT-2  &  DT-3  showed  induction  of 
apoptosis  in  all  the  three  prostate  cancer  cell  lines.  This  is  further  confirmed  by  gene 
knockdown  studies  using  PKG-l-specific  shRNA  which  induced  caspase-3/7  activity  and 
apoptosis  in  PC-3  prostate  cancer  cell  line.  Further  the  data  showed  that  addition  of  8- 
Bromo-cGMP,  which  is  a  direct  activator  of  PKG,  reverses  the  induction  of  apoptosis  by 
ODQ.  This  strongly  suggests  that  basal  levels  of  NO/cGMP/PKG  are  involved  in 
preventing  spontaneous  apoptosis  in  prostate  cancer  cell  lines. 

Low  levels  of  NO  activates  the  sGC  enzyme  by  binding  to  its  heme  group,  this  inturn 
elevates  the  cGMP  levels  which  increases  the  enzyme  activity  of  PKG.  This  is  thought  to 
be  mediating  anti  apoptotic  effects  in  mammalian  cells  (Fiscus,  2002;  Fiscus  et  al.,  2002) 
In  2002  Fiscus  et  al  have  shown  that  nNOS  is  constitutively  expressed  in  neural  cells 
(Fiscus,  2002;  Fiscus  et  al.,  2002)  Later  it  has  been  found  that  iNOs,  eNOS  and  nNOS 
are  expressed  in  many  different  cell  types.  eNOS  and  nNOS  function  has  been 
demonstrated  as  an  important  factor  in  regulating  cardiovascular  and  neuronal  systems 
(Fiscus,  2002;  Fiscus  et  al.,  2002)  Previous  reports  showed  the  expression  of  all  3 
isoforms  of  NOs  and  their  role  in  chemoresistance  (Leung  et  al.,  2008)  NO  can  show 
protumor  or  antitumor  activity  depending  on  it’s  concentration  (Xie  et  al.,  1996)  NOS 
expression  and  NO  production  has  been  observed  in  a  number  of  different  cancer  types. 
Thomsen  et  al  showed  that  NO  synthase  activity  is  related  to  malignancy  in 
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gynecological  cancers  (Thomsen  et  al.,  1994)  It  has  also  been  shown  that  high  levels  of 
NO  (from  enhanced  activity  of  iNOS)  is  involved  in  sustaining  tumor  growth  via 
enhanced  blood  flow  and  vascular  permeability  in  solid  tumors  (Doi  et  al.,  1996) 
Inhibition  of  NOS  by  L-NAME  (NG-nitro-L-arginine  methylester)  and  the  resulting  low  NO 
production  caused  a  decrease  in  tumor  growth  and  lung  metastasis  (Orucevic  and  Lala, 
1996)  Over  expression  of  eNOS  and  the  resulting  high  levels  of  NO  was  shown  to 
contribute  to  the  tumor  angiogenesis  in  oral  squamous  cell  carcinoma  (Shang  and  Li, 
2005)  It  has  been  shown  that  iNOS  is  highly  expressed  in  prostate  carcinoma  tissues 
compared  to  the  benign  tissue  (Klotz  et  al.,  1998),  but  further  investigations  have  not 
been  done  to  study  the  role  of  NO  or  the  associated  downstream  pathway  in  prostate 
cancer  progression.  To  our  knowledge  we  are  the  first  to  show  the  down  stream 
signaling  pathway  from  NO  production  (sGC/cGMP/PKG)  that  is  involved  in  promoting 
survival  of  prostate  cancer  cells. 

cGMP  activates  PKG  both  in  vitro  (Lincoln  and  Cornwell,  1993)  and  in  vivo  (Fiscus  et  al., 
1983)  In  vivo  the  cGMP  activates  the  PKG  in  response  to  either  NO  or  natriuretic 
peptides.  NO  activates  the  sGC  and  the  natriuretic  peptides  such  as  ANP  and  BNP 
activate  pGC  (Fiscus  et  al.,  1983;  Fiscus  et  al.,  1985)  Here  we  have  shown  that  the 
prostate  cancer  cell  lines  express  eNOS,  which  is  the  source  of  NO.  We  hypothesized 
that  NO  activates  sCG  which  activates  the  cGMP/PKG  signaling  pathway  in  these  cells. 
This  is  confirmed  by  using  highly  specific  inhibitor  of  ODQ  which  induced  apoptosis  in 
prostate  cancer  cells.  We  have  found  that  PC-3  cells  express  both  the  isoforms  of  PKG, 
la  and  1(3,  whereas  the  DU145  and  LNCaP  cells  express  the  la  isoform.  PKG-la  &  1(3 
isoforms  have  opposite  effects  on  the  cells.  Basal  levels  of  PKG-la  are  responsible  for 
maintaining  low  levels  of  apoptosis,  where  as  basal  levels  of  PKG-  1(3  isoform  induces 
apoptosis.  This  is  clearly  seen  in  our  data,  when  the  prostate  cancer  cells  were  treated 
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with  8-Bromo-cGMP,  the  direct  activator  of  PKG,  the  apoptosis  induced  by  ODQ  was 
reversed  to  a  greater  extent  in  DU  145  and  LNCaP  cells  which  express  only  the  PKG-la 
isoform,  but  in  PC-3  cells  which  express  both  the  isoforms  of  PKG  the  reversal  of  ODQ 
induced  apoptosis  by  8-Bromo-cGMP  was  not  as  significant  as  in  the  DU145  and 
LNCaP  cells.  This  suggests  that  in  PC-3  cells  the  reversal  of  apoptosis  by  8-Bromo- 
cCMP  is  masked  by  the  effects  of  PKG-ip  which  induces  apoptosis  at  the  basal  levels. 

In  summary  our  findings  using  the  specific  sGC  inhibitors,  PKG-la  inhibitors  and  gene 
knockdown  studies  prove  that  the  basal  NO/cGMP/PKG-la  signaling  pathways  is 
necessary  in  preventing  spontaneous  apoptosis  in  PC-3,  DU145  and  LNCaP  cell  lines. 
Our  future  studies  will  be  focused  on  the  downstream  signaling  proteins  (apoptosis 
proteins  and  transcription  factors)  which  are  directly  or  indirectly  activated  by  PKG-la 
that  are  responsible  for  mediating  low  levels  of  apoptosis  in  these  cells.  Our  ultimate 
goal  is  to  develop  inhibitors  of  PKG-la  that  would  be  specific  for  only  cancer  cells. 
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Titles  and  legends  to  figures 


Figure  1  (a)  Expression  of  eNOS  in  Prostate  cancer  cell  lines.  Western  blot  analysis  of 
three  prostate  cancer  cell  lines  PC-3,  DU145  and  LNCaP  using  LI-COR  infrared  imaging 
system  shows  the  expression  of  eNOS.  (b)  Inhibition  of  sGC  by  the  selective  inhibitor 
ODQ  induced  Caspase  3/7  activity  in  all  the  three  prostate  cancer  cell  lines.  The  cells 
were  treated  with  ODQ  for  24  h  and  the  caspase  activity  was  detected  by  Caspase  3/7 
Glo  Assay.  Results  were  analyzed  using  statistical  analysis  software  graph  pad  prism 
and  ANOVA  test  with  Dunnett’s  post  test  showed  significant  increase  in  apoptosis  in  the 
treatment  groups  with  a  p-value  of  <0.01 . 


Figure  2  Inhibition  of  sGC  by  the  selective  inhibitor  ODQ  induced  apoptosis  in  PC-3 
prostate  cancer  cell  line,  (a)  The  cells  were  treated  with  ODQ  for  24  h  and  the  apoptotic 
DNA  fragments  in  the  cell  lysate  was  measured  using  a  cell  death  detection  ELISA  from 
Roche  diagnostics,  Inc.  (b)  The  combined  treatment  with  8-Br-cGMP  involved  1  h  pre 
incubation.  Results  were  analyzed  using  statistical  analysis  software  graph  pad  prism 
and  ANOVA  test  with  Dunnett’s  post  test  showed  significant  increase  in  apoptosis  in  the 
treatment  groups  with  a  p-value  of  <0.01 . 


Figure  3  Inhibition  of  sGC  by  the  selective  inhibitor  ODQ  induced  apoptosis  in  DU145 
prostate  cancer  cell  line,  (a)  The  cells  were  treated  with  ODQ  for  24  h  and  the  apoptotic 
DNA  fragments  in  the  cell  lysate  was  measured  using  a  cell  death  detection  ELISA  from 
Roche  diagnostics,  Inc.  (b)  The  combined  treatment  with  8-Br-cGMP  involved  1  h  pre 
incubation.  Results  were  analyzed  using  statistical  analysis  software  graph  pad  prism 
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and  ANOVA  test  with  Dunnett’s  post  test  showed  significant  increase  in  apoptosis  in  the 
treatment  groups  with  a  p-value  of  <0.01 . 


Figure  4  Inhibition  of  sGC  by  the  selective  inhibitor  ODQ  induced  apoptosis  in  LNCaP 
prostate  cancer  cell  line,  (a)  The  cells  were  treated  with  ODQ  for  24  h  and  the  apoptotic 
DNA  fragments  in  the  cell  lysate  was  measured  using  a  cell  death  detection  ELISA  from 
Roche  diagnostics,  Inc.  (b)  The  combined  treatment  with  8-Br-cGMP  involved  1  h  pre 
incubation.  Results  were  analyzed  using  statistical  analysis  software  graph  pad  prism 
and  ANOVA  test  with  Dunnett’s  post  test  showed  significant  increase  in  apoptosis  in  the 
treatment  groups  with  a  p-value  of  <0.01 . 


Figure  5  Protein  expression  levels  of  PKG-I  isoform  in  LNCaP  DU  145  and  PC-3  prostate 
cancer  cell  lines  was  determined  using  western  blot  analysis  with  infrared  imaging 
system,  (a)  PC-3  cells  express  both  isoforms  of  PKG,  PKG-la  and  PKG-ip  with  PKG-la 
isoform  predominantly.  LNCaP  and  DU145  cells  express  PKG-la  isoform.  PKG-ip 
isoform  is  not  detectable  in  LNCaP  and  DU145  cells.  In  the  digitally  enhanced  image, 
the  PKG-la  isoform  expression  is  more  clearly  seen  in  LNCaP  and  DU145  cells,  (b) 
Basal  levels  of  PKG-la  isoform  expression  are  different  in  the  three  prostate  cancer  cell 
lines,  with  PC-3  cells  expressing  4.4  times  more  than  LNCaP  and  DU145  cells. 

Figure  6  Inhibition  of  PKG-la  by  the  specific  PKG-la  inhibitors  DT-2  and  DT-3  induced 
Caspase  3/7  activity  in  (a)  PC-3  (b)  DU  145  and  (c)  LNCaP  prostate  cancer  cell  lines. 
The  cells  were  treated  with  DT-2  and  DT-3  for  24  h  and  the  Caspase  activity  was 
detected  by  Caspase  3/7  Glo  Assay.  Results  were  analyzed  using  statistical  analysis 
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software  graph  pad  prism  and  ANOVA  test  with  Dunnett’s  post  test  showed  significant 
increase  in  apoptosis  in  the  treatment  groups  with  a  p-value  of  <0.01 . 


Figure  7  Inhibition  of  PKG-la  by  the  specific  PKG-la  inhibitors  DT-2  and  DT-3  induced 
apoptosis  in  (a)  PC-3  (b)  DU145  and  (c,d)  LNCaP  prostate  cancer  cell  line.  Cells  were 
treated  with  DT-2  and  DT-3  for  24  hours  and  the  apoptotic  DNA  fragments  in  the  cell 
lysate  were  measured  by  cell  death  detection  ELISA.  Graphs  represent  Mean  ±  SEM  for 
each  treatment  and  control  group  with  an  n  value  of  6.  Statistical  analysis  was  performed 
using  Prism  software  and  ANOVA  test  with  Dunnett’s  post  test  showed  significant 
increase  in  apoptosis  in  the  treatment  groups  with  a  p-value  of  <0.01 . 

Figure  8  Gene  knockdown  using  PKG-l-specific  shRNA  vector  induced  apoptosis  and 
caspase-3/7  activation  in  PC-3  cell  line  (a)  Gene  expression  levels  of  PKG-la  using  12- 
channel  capillary  electrophoresis  system  after  48-72  hours  of  PKG-l-specific  shRNA 
transfection.  Negative  control  shRNA  represents  transfection  of  the  cells  with  the  vector 
carrying  non  specific  gene.  PKG-I  knockdown  shRNA  #1  and  shRNA  #  2  represent  two 
different  clones  of  the  vector  (b)  Knockdown  of  PKG-I  induces  apoptosis  in  PC-3 
prostate  cancer  cells.  Cells  were  lysed  after  48-72  hours  of  gene  transfection  and  the 
apoptotic  DNA  fragments  were  analyzed  using  cell  death  detection  ELISA.  A  significant 
increase  in  the  level  of  apoptosis  was  observed  in  the  knockdown  clones  compared  to 
the  no  treatment  and  the  negative  control  (c)  Knockdown  of  PKG-I  induce  caspase-3/7 
activation  in  PC-3  cells.  After  48-72  h  transfection  the  caspase-3/7  activity  was 
measured  using  Caspase-3/7  Glo  assay.  Compared  to  no  treatment  and  the  negative 
control  the  knockdown  clones  show  significant  increase  in  caspase-3/7  activity.  Graphs 
represent  Mean  ±  SEM  for  each  treatment  and  control  group  with  an  n  value  of  6. 
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Statistical  analysis  was  performed  using  Prism  software  and  ANOVA  test  with  Dunnett’s 
post  test  showed  significant  increase  in  apoptosis  in  the  treatment  groups  with  a  p-value 
of  <0.01. 

Figure  9  Model  of  PKG-la  mediated  induction  of  apoptosis  by  blocking  the 
NO/cGMP/PKG  pathway  at  various  steps. 
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Abstract 


Radiation  therapy  and  chemotherapy  often  result  in  side  effects  and  the  potential 
of  relapse  of  the  tumor.  There  is  a  need  to  identify  the  molecular  mechanisms  in 
the  prostate  cancer  cells  that  are  responsible  for  disease  progression,  continued 
cell  proliferation,  which  in  turn  would  aid  in  better  treatment  options  for  prostate 
cancer  patients.  In  this  study,  we  propose  the  involvement  of  a  novel  protein 
kinase  G  signaling  pathway  in  regulating  the  proliferation  of  prostate  cancer  cell 
lines,  PC-3,  DU  145  and  LNCaP.  Previous  studies  from  our  laboratory  have 
shown  that  nitric  oxide  (NO)/cGMP/PKG  signaling  pathway  plays  an  essential 
role  in  suppressing  apoptosis  and  promoting  DNA  synthesis/cell  proliferation  in 
both  normal  (e.g.  vascular  smooth  muscle  cells)  and  transformed  cells  (e.g. 
ovarian  cancer  cells).  There  is  supporting  evidence  in  the  literature  that  prostate 
cancer  cell  lines  express  enzymes  that  synthesis  endogenous  NO.  We 
hypothesized  that  the  endogenous  NO  drives  the  NO/cGMP/PKG  pathway  in 
prostate  cancer  cells,  promoting  their  proliferation.  The  present  study,  using 
radioimmunoassay  for  cGMP,  shows  that  sGC  inhibition  by  the  selective  inhibitor 
ODQ  decreases  the  cGMP  levels  in  all  three  of  the  prostate  cancer  cell  lines. 
Western  blot  analysis  shows  that  all  three  of  the  prostate  cancer  cell  lines 
express  predominantly  the  PKG-la  isoform.  Furthermore,  gene  knockdown  of 
PKG-la  using  specific  shRNA  decreases  the  cell  proliferation  of  PC-3  prostate 
cancer  cells.  sGC  inhibition  by  ODQ  and  PKG-la  inhibition  by  the  highly  selective 
inhibitors  DT-2  and  DT-2  decreased  the  DNA  synthesis  in  all  the  prostate  cancer 
cell  lines.  The  decrease  in  the  colony  formation  ability  of  cells  treated  with  ODQ 


2 


and  DT-2  further  supports  our  hypothesis  that  sGC/cGMP/PKG-la  signaling 
pathways  is  involved  in  regulating  cell  proliferation  in  PC-3,  DU145  and  LNCaP 
prostate  cancer  cell  lines. 
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Introduction 


Prostate  cancer  is  one  of  the  leading  causes  of  cancer  deaths  after  lung  and 
bronchus,  among  men  in  the  United  States.  In  2008  an  estimated  186,320 
number  of  new  prostate  cancer  cases  and  an  estimated  28,660  number  of  new 
deaths  were  expected  (1)  Prostate  cancer  is  typically  treated  with  radiation 
therapy,  hormonal  therapy  and  chemotherapy.  Radiation  therapy  has  side  effects 
on  normal  cells  if  used  in  higher  doses  (2)  Hormone  therapy  or  androgen 
depletion  is  rarely  effective  (3)  Metastasis  prostate  cancer  to  multiple  sites  is 
increasingly  difficult  to  treat  (4) 

Here  in  this  study  we  elucidate  the  molecular  mechanism  which  is  responsible  for 
the  continued  proliferation  of  the  prostate  cancer  cells.  Both  hormone  dependent 
(LNCaP)  and  hormone  independent  (PC-3  and  DU  145)  prostate  cancer  cell  lines 
were  studied  for  the  expression  of  a  protein  kinase  G.  Protein  kinase  G  is  a 
serine-threonine  kinase  extensively  studied  in  vascular  smooth  muscle  cells, 
endothelial  cells  and  bone  marrow  derived  stromal  cells  (5,  6)  In  these  cell  the 
PKG  plays  a  wide  range  of  important  roles  such  as  bone  development  (7), 
muscle  relaxation,  regulation  of  calcium  levels  (5)  regulation  of  gene  expression 
and  regulation  of  apoptosis  in  neuronal  cells  (8) 

The  role  of  PKG  has  also  been  studied  in  cancer  cells.  PKG  activation  induces 
apoptosis  in  colon  cancer  cells  (9,  10)  In  ovarian  cancer  cells,  PKG  has  been 
shown  to  suppress  apoptosis  (11,  12)  sGC  enzyme  activates  cGMP  which  inturn 
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increases  the  enzymatic  activity  of  PKG  (13)  Nitric  oxide  activates  the  sGC  by 
binding  to  its  heme  group  (14)  NO  activated  sGC  enzyme  increases  the 
intracellular  levels  of  cGMP  (15)  cGMP  regulates  ion  channels,  cGMP-regulated 
phosphodiesterases,  and  cGMP-dependent  protein  kinases  (PKGs)  (13,  16)  NO 
regulates  gene  expression  via  cGMP  and  PKG  (17)  NO  and  the  subsequently 
activated  cGMP  act  as  pro  apoptotic  and  anti  apoptotic  factors  depending  on 
their  concentrations  (8) 

NO  is  a  signaling  molecule  produced  by  the  enzymes  called  Nitric  oxide 
synthases  (NOS)  NOS  have  been  found  to  be  expressed  in  various  tumor  cells. 
Human  prostate  cancer  cells  express  eNOS  (endothelial  nitric  oxide  synthase) 
(18)  eNOS  expression  is  also  found  in  oral  squamous  cell  carcinoma  (19)  iNOS 
(inducible  nitric  oxide  synthase)  has  been  found  in  human  prostate  carcinoma 
tissues  from  patients  (20)  iNOS  expression  is  directly  related  to  the  cancer  cell 
proliferation  rate  in  prostate  cancer  (21)  In  prostate  cancer  cell  lines  (PC-3 
DU145  and  LNCaP)  it  was  shown  that  NO  donors  sensitizes  the  cells  to 
apoptosis  through  TRAIL,  Bcl-2  and  Bcl-xL  (18) 

Though  some  background  data  is  available  in  the  literature  about  the  role  of  NO 
in  prostate  tumor  cells,  the  exact  molecular  mechanism  through  which  the  NO 
induces  the  proliferation  of  these  cells  is  not  yet  elucidated.  We  hypothesize  that 
NO  is  produced  within  the  prostate  cancer  cells  by  NOS  (In  this  study  we  show 
that  PC-3  cells  express  eNOS;  the  data  with  DU  145  and  LNCaP  is  not  shown) 
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and  this  would  activate  the  sGC  enzyme  which  increases  the  levels  of  cGMP,  the 
activated  cGMP  increases  the  enzymatic  activity  of  PKG.  According  to  our 
hypothesis,  PKG-la  activity  is  important  for  cell  survival  of  the  prostate  cancer.  To 
prove  the  involvement  of  PKG-la  we  used  highly  specific  inhibitors  DT-2  and  DT- 
3  and  also  the  specific  PKG-I  gene  knock  down,  and  studied  the  inhibition  of 
PKG-la  on  cell  proliferation  and  DNA  synthesis  in  all  the  three  prostate  cancer 
cell  lines. 
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Materials  and  Methods 


Cell  cultures  and  reagents 

PC-3,  DU  145  and  LNCaP  prostate  cancer  cell  lines  were  obtained  from 
American  type  culture  collection  (Mansassas,  VA).  PC-3  cells  were  maintained  in 
F-12K  medium,  DU145  cells  were  maintained  in  Minimum  Essential  Medium 
(MEM)  and  LNCaP  cells  were  maintained  in  RPMI-1640  medium.  All  media  were 
supplemented  with  10%  fetal  bovine  serum  and  1%  penicillin-streptomycin 
(ATCC,  Mansassas,  VA).  All  the  cells  were  cultured  at  37°C,  at  5%  C02.  Cells 
were  treated  with  ODQ  (Sigma,  St.  Louis,  MO,  USA)  PKG-la  inhibitors  DT-2  and 
DT-3  (Biolog,  Hayward  CA,  USA  and  Calbiochem,  Gibbstown,  NJ,  USA)  to 
measure  cell  proliferation  by  BrdU  cell  proliferation  kit  (Roche  Diagnostics  Inc., 
Indianapolis,  IN,  USA)  cGMP  levels  by  radioimmunoassay  (Biomedical 
Technologies  Inc.,  Stoughton,  MA,  USA  )  and  Clonogenic  Survival  using  crystal 
violet  dye  (Sigma) 

Protein  Quantification  &  Western  blot  analysis  using  Infrared  imaging 

For  western  blot  analysis,  approximately  one  million  cells  were  lysed  with  SDS 
lysis  buffer  and  the  protein  concentration  was  measured  by  fluorescence-based 
protein  Quantitation  kit  EZQ  (Molecular  probes,  Carlsbad,  CA,  USA)  Protein  was 
resolved  by  SDS-PAGE  and  then  transferred  to  a  nitrocellulose  membrane 
(Amersham  Biosciences,  Piscataway,  NJ,  USA)  through  a  wet  transfer  at 
35Volts  overnight  at  4°C.  The  membrane  was  blocked  at  room  temperature  for 
one  hour  in  the  LI-COR  buffer,  with  0.1%  Tween,  followed  by  overnight 
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incubation  with  the  rabbit  anti-PKG-l  primary  antibody  (Cell  signaling  technology, 
Beverly,  MA,  USA)  (247.7pg/ml)  at  1:1000  dilution  and  anti-GAPDH  antibody 
(eGene  Inc.,  Irvine,  CA,  USA)  Following  day  membrane  was  incubated  with 
secondary  antibody  labeled  with  IR  Dye800  for  one  hour  at  room  temperature. 
The  membrane  is  then  scanned  on  the  LI-COR  Infrared  imaging  system  for  the 
expression  of  PKG-I  in  all  the  three  prostate  cancer  cell  lines. 

Radioimmunoassay 

To  determine  the  levels  of  cGMP  in  prostate  cancer  cell  lines  treated  with  sGC 
inhibitor  ODQ,  a  radioimmunoassay  was  performed  using  cyclic  GMP  RIA  kit. 
Approximately  3  million  cells  were  plated  in  60mm  tissue  culture  plates  for  each 
cell  line.  The  cells  were  treated  with  ODQ  (OpM,  10  pM,  30  pM  and  50  pM)  for  20 
minutes  and  lysed  with  ice  cold  ethanol.  The  cGMP  levels  in  the  control  and 
treatment  groups  were  measured  using  I125  labeled  cGMP  and  specific  cGMP 
antiserum  following  manufacturer’s  recommendations.  Results  are  represented 
as  cGMP  in  pmole/million  cells  compared  to  the  control. 

BrdU  cell  proliferation  assay 

To  determine  the  cell  proliferation  in  prostate  cancer  cell  lines  treated  with  sGC 
inhibitor  ODQ  or  PKG-la  inhibitors  DT-2  and  DT-3,  a  colorimetric  immunoassay 
was  performed,  which  measures  the  cell  proliferation  based  on  the  measurement 
of  BrdU  incorporation  during  DNA  synthesis.  Approximately  thousand  cells  were 
exposed  to  ODQ  at  0,  10,  30  and  50  pM  or  DT-2  and  DT-3  at  0,  1  and  lOpM 
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concentrations  for  24hours.  At  the  end  of  the  incubation  period  cell  proliferation 
was  measured  following  the  manufacturer’s  protocol. 

Colonogenic  survival  assay 

For  clonogenic  survival  assay,  approximately  500  cells  were  plated  in  6-well 
plates  and  treated  with  ODQ  or  DT-2  for  24  hours.  At  the  end  of  incubation 
period,  the  cells  were  washed  with  IX  PBS  twice  and  fresh  media  was  added, 
the  cells  were  let  grow  and  form  colonies  for  about  10  days  or  until  the  control 
wells  become  confluent.  At  the  end  of  the  incubation  time,  the  colonies  were 
stained  with  crystal  violet  (5mg/ml  in  95%  ethanol)  for  10  minutes.  The  numbers 
of  colonies  in  the  treatment  groups  were  counted  and  compared  to  the  controls. 

RNA  interference 

PC-3  cells  were  seeded  in  a  96  well  plate  at  a  density  of  20,000  cells/well  in 
media  lacking  antibiotics  and  incubated  overnight.  The  following  day,  the  cells 
were  transfected  with  PKG-l-specific  shRNA  containing  expression  vectors 
(Origene,  Rockville,  MD,  USA)  as  follows:  3.0%  Lipofectamine  2000  (Invitrogen, 
Carlsbad,  CA,  USA)  and  vector  at  a  ratio  of  lug/IOOul  were  added  to  Opti-MEM 
(Invitrogen)  serum  free  media  and  incubated  at  room  temperature  for  20 
minutes.  The  mixture  was  then  added  to  the  cells  drop-wise.  Following  gentle 
mixing,  the  cells  were  incubated  for  48-72  hours  and  cell  proliferation  was 
assessed.  PKG  expression  levels  were  monitored  using  RT-PCR  and 
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subsequent  analysis  on  a  12-channel  capillary  electrophoresis  system  with  a  light 
emitting  diode  (eGene  Inc.,  Irvine,  CA,  USA) 

Gene  expression  analyzed  on  a  12-channel  capillary  electrophoresis 
system  with  a  light  emitting  diode 

RNA  was  trizol  (Life  Technologies,  Grand  Island,  NY,  USA)  extracted  from 
50,000  PC-3  cells.  One  microgram  of  purified  total  RNA  was  converted  to  cDNA 
using  Superscript  Vilo  reverse  transcriptase  kit  (Invitrogen)  The  cDNA  was  used 
in  a  PCR  reaction  with  the  PKG-la  specific  primers  (Forward  primer  -  5’-GGC 
GCA  GGG  CAT  CTC  G-3’  and  Reverse  primer  -  5’-ATC  CAC  AAT  CTC  CTG 
GAT  CTG-3’  from  Integrated  DNA  technologies,  Coralville,  IA,  USA)  using  a 
GeneAmp  PCR  system  9700.  After  30  cycles,  the  PCR  products  were  run  on  a 
QIAexcel  (eGene,  Inc.),  an  automated  high  performance  genetic  analyzer  that 
utilizes  capillary  electrophoresis  (CE).  Products  were  injected  at  8  kV  for  20 
seconds  and  separated  at  6kV  for  400  seconds.  Products  were  sequenced  to 
verify  their  identity. 

Statistical  Analysis 

Results  were  expressed  as  the  mean  ±  SEM  of  at  least  3,  6  or  8  different 
samples.  Statistical  analysis  was  performed  by  one  way  ANOVA  followed  by 
Dunnett’s  post  test  using  PRISM  software  (Version  3.0;  GraphPad)  Results  were 
inferred  using  a  statistical  significance  of  P<0.01 . 


10 


Results 


Prostate  cancer  cells  express  PKG-la  isoform: 

Western  blot  analysis  using  highly  specific  antibody  for  PKG-I  from  cell  signaling 
technology  showed  that  all  the  three  prostate  cancer  cell  lines  express  the  PKG- 
la  isoform  (Figure  1,  Panel  B)  Western  blot  analysis  was  carried  out  using  Li-Cor 
infrared  imaging  system  that  utilizes  secondary  antibodies  directly  tagged  with 
infrared  dyes.  PC-3  cells  express  both  isoforms  of  PKG,  la  and  ip.  DU  145  and 
LNCaP  cells  express  PKG-la  isoform  which  can  be  clearly  seen  in  the  digitally 
enhanced  image.  The  a-GAPDH  was  used  as  a  loading  control. 

Radioimmunoassay:  cGMP  levels  in  prostate  cancer  cell  lines: 

Radioimmunoassay  (Biomedical  Technologies  Inc.,)  which  involves  the 
competitive  binding  of  cGMP  in  the  sample  and  the  radioactive  1125  cGMP  for  a 
highly  specific  antibody  was  used  to  measure  the  cGMP  levels  in  response  to  the 
sGC  inhibitor  ODQ.  The  concentrations  of  cGMP  (pmoles/ml)  in  the  samples 
were  calculated  from  the  standard  curve.  Within  20  minutes  of  treatment,  ODQ  at 
0,  10,  30  and  50  pM  concentrations  caused  a  concentration  dependent  decrease 
in  the  cGMP  levels  in  all  the  three  prostate  cancer  cell  lines  (Figure  2,  Panel  A) 
these  results  suggest  that  in  prostate  cancer  cells  sGC  activates  the  basal  levels 
of  cGMP. 
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sGC  inhibitor  ODQ  decreases  DNA  synthesis  in  prostate  cancer  cell  lines: 

After  determining  the  decrease  in  cGMP  levels  in  response  to  ODQ  treatment, 
we  next  examined  the  effects  of  sGC  inhibition  on  cell  proliferation.  All  the  three 
prostate  cancer  cell  lines  were  treated  with  0,  10,  30  and  50  pM  ODQ  for  24 
hours  and  the  DNA  synthesis  was  measured  using  BrdU  labeling  reagent.  In  all 
the  three  prostate  cancer  cell  lines  ODQ  decreased  DNA  synthesis  in  a 
concentration  dependent  manner  (Figure  2,  Panel  B) 

Clonogenic  survival  assay:  sGC  inhibitor  (ODQ)  and  PKG-la  inhibitor 
decrease  colony  formation  ability  in  all  the  three  prostate  cancer  cell  lines: 

ODQ  treatment  for  24  hours  (Figure  3,  Panel  A)  and  PKG-la  inhibitor  DT-2 
(Figure  3,  Panel  B)  decrease  the  colony  formation  ability  of  the  prostate  cancer 
cell  lines.  ODQ  at  0,  10,  30,  50  and  100  pM  caused  a  dose  dependent  effect  in 
decreasing  the  colony  formation  ability.  The  highly  selective  PKG-la  inhibitor  DT- 
2,  at  0,  1  and  10  pM  concentration  also  caused  a  dose  dependent  effect  in 
decreasing  the  colony  formation  ability  in  all  the  three  prostate  cancer  cell  lines. 
Taken  together  these  results  prove  the  involvement  of  a  novel  signaling  pathway 
-  sGC/cGMP/PKG-la  in  the  regulation  of  cell  proliferation  in  prostate  cancer 
cells. 

PKG-la  inhibitors  DT-2  and  DT-3  decreases  DNA  Synthesis: 

To  confirm  the  role  of  PKG-la  in  the  regulation  of  cell  proliferation  of  prostate 
cancer  cells,  we  used  highly  selective  inhibitors  of  PKG-la  to  measure  the  DNA 
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synthesis  through  BrdU  incorporation.  DT-2  and  DT-3  at  concentrations  0,  1  and 
10  pM  caused  a  dose  dependent  decrease  in  the  DNA  synthesis  (Figure  4) 

Gene  knock  down  studies  of  PKG-la  confirms  its  role  in  regulation  of  cell 
proliferation: 

To  further  confirm  the  role  of  PKG-la  signaling  pathway  in  cell  proliferation 
regulation  in  prostate  cancer  cells,  we  used  PKG-I  specific  shRNA  gene 
knockdown  and  measured  the  cell  proliferation  in  PC-3  cells  using  MTT  assay 
(Roche  Diagnostics  Inc.,)  shRNA  #1  and  shRNA  #  2  caused  54%  and  68%  of 
PKG-la  knockdown  respectively.  shRNA  #  1  and  #2  are  two  different  cloned  of 
shRNA  vector.  A  negative  control  shRNA  was  included  which  carries  a  non 
specific  gene.  Figure  5,  Panel  A  represents  the  mRNA  levels  of  PKG-la  in 
relative  fluorescent  units  (RFU)  the  graph  in  Panel  B  represents  the  cell 
proliferation  in  the  controls  and  the  PKG-la  knockdown  groups  using  MTT  assay. 
The  PKG-la  knockdown  decreased  the  cell  proliferation  in  PC-3  prostate  cancer 
cell  line. 
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Discussion 


Our  findings  suggest  an  important  role  of  PKG-la  in  regulation  the  cell 
proliferation  of  prostate  cancer  cell  lines.  In  the  present  study  we  propose  that  in 
prostate  cancer  cells  the  sGC  enzyme  active  cGMP  which  increases  the  activity 
of  PKG-la.  PKG-la  mediates  the  regulation  of  cell  proliferation.  This  is  thought  to 
be  mediated  by  the  phosphorylation  of  downstream  proteins  or  transcription 
factors  that  are  involved  in  cell  proliferation  and/or  apoptosis.  Our  future  studies 
would  concentrate  in  finding  out  which  proteins  are  involved  downstream  to  PKG- 
la  which  mediates  its  effects. 

The  results  in  the  present  study  with  the  prostate  cancer  cell  lines  PC-3,  DU  145 
and  LNCaP,  proves  the  role  of  a  novel  signaling  pathway  involving  PKG-la  in  the 
regulation  of  cell  proliferation.  Previous  studies  in  our  lab  have  shown  that  PKG-I 
play  a  critical  role  in  regulation  apoptosis  in  ovarian  cancer  cells  (11)  The  role  of 
sGC/cGMP /  PKG-la  signaling  pathway  has  not  yet  been  elucidated  in  the 
prostate  cancer  cells.  Data  in  the  literature  shows  that  various  cancer  cells 
express  different  isoforms  of  nitric  oxide  synthase  enzymes  and  their  role  in  the 
tumor  growth  (22) 

Our  data  using  highly  selective  inhibitors  of  sGC/cGMP/PKG-la  pathway  show 
that  basal  levels  of  sGC/cGMP/PKG-la  signaling  pathway  is  involved  in 
maintaining  the  cell  proliferation  in  all  the  three  prostate  cancer  cell  lines.  The 


14 


role  of  PKG-la  is  further  confirmed  using  gene  knockdown  studies  with  PKG-I 
specific  shRNA,  which  decreased  the  cell  proliferation  in  PC-3  prostate  cancer 
cell  line.  Further  studies  will  be  carried  out  to  determine  which  downstream  signal 
proteins  are  involved  in  mediating  the  effects  of  PKG-la. 
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Figure  Legends 


Figure  1.  A,  Model  showing  the  hypothesis  of  PKG-la  mediated  stimulation  of 
cell  proliferation  in  prostate  cancer  cells.  B,  Expression  levels  of  PKG-la  and  1(3  in 
prostate  cancer  cell  lines  PC-3,  DU  145  and  LNCaP.  Cells  were  lysed  with  SDS 
lysis  buffer  and  the  western  blot  analysis  was  performed  using  Li-Cor  infrared 
imaging  system.  For  all  the  three  cell  lines  80  pg  of  total  protein  was  loaded  per 
lane.  All  the  three  prostate  cancer  cell  lines  express  the  PKG-la  isoform.  Digitally 
enhanced  image  shows  the  expression  of  PKG-la  isoform  more  clearly  in  DU  145 
and  LNCaP  cell  lines.  PC-3  cell  line  also  expresses  PKG-ip  isoform.  The  Ip 
isoform  is  not  detectable  in  DU  145  and  LNCaP  cell  lines.  The  a-GAPDH  is  used 
as  a  loading  control. 

Figure  2.  A,  Inhibition  of  sGC  by  the  specific  inhibitor  ODQ  decreases  the  cGMP 
levels  in  all  the  three  prostate  cancer  cell  lines.  Cells  were  treated  with  ODQ  for 
20  minutes  and  lysed  with  ice  cold  ethanol.  cGMP  levels  in  the  treatment  and 
control  groups  were  measured  using  radioimmuno  assay.  Graphs  represent 
Mean  ±  SEM  for  each  treatment  and  control  group  with  an  n  value  of  3.  B, 
Inhibition  of  sGC  by  the  specific  inhibitor  ODQ  decreases  the  DNA  synthesis  in 
all  the  three  prostate  cancer  cell  lines.  Cells  were  treated  with  ODQ  for  24  hours; 
the  BrdU  labeling  reagent  was  added  at  the  time  of  ODQ  treatment.  DNA 
synthesis  was  measured  using  BrdU  cell  proliferation  kit.  Graphs  represent  Mean 
±  SEM  for  each  treatment  and  control  group  with  an  n  value  of  8.  Statistical 
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analysis  was  performed  to  using  GraphPad  prism  software  and  ANOVA  test  with 
Dunnett’s  post  test  showed  significant  decrease  in  the  colony  formation  ability  in 
the  treatment  groups  with  a  p-value  of  <0.01 . 


Figure  3.  A,  Inhibition  of  sGC  by  ODQ  and  B,  Inhibition  of  PKG-la  with  the 
selective  inhibitor  DT-2  decreases  the  colony  formation  ability  of  all  the  three 
prostate  cancer  cell  lines.  Cells  were  treated  with  the  inhibitors  for  24  hours  and 
the  colony  forming  ability  was  assessed  by  growing  the  cells  in  fresh  media  for 
about  10  days.  The  graphs  show  the  number  of  colonies  in  the  treatment  groups 
compared  to  the  control.  Graphs  represent  Mean  ±  SEM  for  each  treatment  and 
control  group  with  an  n  value  of  3.  Statistical  analysis  was  performed  to  using 
GraphPad  prism  software  and  ANOVA  test  with  Dunnett’s  post  test  showed 
significant  decrease  in  the  colony  formation  ability  in  the  treatment  groups  with  a 
p-value  of  <0.01 . 


Figure  4.  Inhibition  of  PKG-la  by  the  selective  inhibitors  DT-2  and  DT-3 
decreases  the  DNA  synthesis  in  PC-3,  DU  145  and  LNCaP  prostate  cancer  cell 
lines.  Cells  were  treated  with  the  inhibitors  for  24  hours.  The  BrdU  labeling 
reagent  was  added  at  the  time  of  treatment.  DNA  synthesis  was  measured  using 
BrdU  cell  proliferation  kit  from  Roche  Diagnostics  Inc.,  Graphs  represent  Mean  ± 
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SEM  for  each  treatment  and  control  group  with  an  n  value  of  6.  Statistical 
analysis  was  performed  using  Prism  software  and  ANOVA  test  with  Dunnett’s 
post  test  showed  significant  decrease  in  DNA  synthesis  in  the  treatment  groups 
with  a  p-value  of  <0.01 . 


Figure  5.  PKG-l-specific  Gene  knockdown  using  shRNA  vectors  in  PC-3  cell  line 
decreases  DNA  synthesis.  A,  Gene  expression  levels  of  PKG-la  were  measured 
using  a  12-channel  capillary  electrophoresis  system  after  48-72  hours  of  PKG-l- 
specific  shRNA  transfection.  Negative  control  shRNA  represents  transfection  of 
the  cells  with  the  vector  carrying  non  specific  gene.  PKG-I  knockdown  shRNA  #1 
and  shRNA  #  2  represent  two  different  clones  of  the  vector.  B,  Knockdown  of 
PKG-I  decreases  cell  proliferation  in  PC-3  prostate  cancer  cells.  Cells  were  lysed 
after  48-72  hours  of  gene  transfection  and  the  cell  proliferation  was  measured, 
significant  decrease  in  proliferation  was  observed  in  the  knockdown  clones 
compared  to  the  no  treatment  and  the  negative  control.  Graphs  represent  Mean 
±  SEM  for  each  treatment  and  control  group  with  an  n  value  of  6.  Statistical 
analysis  was  performed  using  Prism  software  and  ANOVA  test  with  Dunnett’s 
post  test  showed  significant  decrease  in  proliferation  in  the  treatment  groups  with 
a  p-value  of  <0.01 . 
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Abstract 


Previous  data  from  our  laboratory  have  shown  that  activation  of  the  cGMP/protein  kinase 
G  (PKG)  signaling  pathway,  by  basal  (low)  levels  of  nitric  oxide,  prevents  apoptosis  and 
stimulates  cell  proliferation  in  both  normal  and  malignant  mammalian  cells,  including  neural 
cells,  vascular  smooth  muscle  cells,  and  ovarian  cancer  cells;  however,  how  PKG  interacts  with 
anti-apoptotic  and  growth-stimulating  downstream  targets  is  not  yet  clear.  Src,  a  non-receptor 
tyrosine  kinase,  is  known  to  be  important  for  preventing  apoptosis  and  promoting  proliferation  in 
many  types  of  mammalian  cells,  especially  cancer  cells.  In  ovarian  cancer  cells,  our  laboratory 
has  shown  that  a  PKG  isoform,  PKG-Ia,  is  able  to  activate  Src  via  a  mechanism  that  involves 
enhanced  autophosphorylation  at  tyrosine-  416  (mouse  sequence)/tyrosine-4 1 9  (human 
sequence),  a  known  activation  site  in  Src,  ultimately  resulting  in  enhanced  proliferation. 

However,  the  exact  mechanism  by  which  PKG-Ia  is  able  to  enhance  Src 
autophosphorylation/activation  is  not  known.  Several  previous  studies  have  shown  that 
phosphorylation  of  Src  at  the  serine  17  site  can  be  catalyzed  by  protein  kinase  A  (PKA),  in 
response  to  elevations  in  cAMP  levels,  in  CHO  and  PC  12  cells,  resulting  in  enhanced  activation 
(tyrosine  kinase  activity)  of  Src.  Our  previous  studies  have  shown  that  PKG-Ia/p  can  often 
phosphorylate  the  same  substrate  proteins  (at  the  same  phosphorylation  sites)  as  PKA,  because  of 
the  similar  consensus  sequence  preference  of  PKA  and  PKG,  e.g.  phosphorylation  of  BAD  at 
serine- 155  by  both  PKA  and  PKG-Ia.The  present  study  determines  whether  PKG-I  (either  PKG- 
Ia  or  PKG-Ip)  is  capable  of  both  phosphorylating  Src  at  serine- 17  and  stimulating  Src 
autophosphorylation  at  tyrosine-419,  leading  to  activation  and  subsequent  increase  in  cell 
proliferation  and  inhibition  of  apoptosis  in  malignant  mesothelioma  cells  and  non-small  cell  lung 
cancer  cells.  Three  malignant  mesothelioma  cell  lines,  ME- 13,  MSTO-21 1H  and  NCI-H2052 
cells,  and  a  non-small  cell  lung  cancer  cell  line,  NCI-H23  cells,  were  used.  Both  in  vitro  and 
intact-cell  experiments  showed  that  serine- 1 7  and  tyrosine-4 1 9  phosphorylation  was  dependent 


on  PKG-I,  using  shRNA  gene  knockdown  techniques  and  highly-selective  pharmacological 
agents  known  to  stimulate  (8-Br-cGMP,  a  cell-permeable  cGMP  analog  that  directly  activates 
PKG-Ia/p)  or  inhibit  (ODQ,  inhibitor  of  soluble  guanylyl  cyclase;  DT-2,  a  PKG-I-specific  cell- 
permeable  peptide  inhibitor)  the  cGMP/PKG-I  signaling  pathway.  These  pharmacological  agents 
and  shRNA  were  also  used  to  show  that  inhibition  of  basal  PKG  activity  leads  to  increased 
apoptosis  and  decreased  cell  proliferation,  as  well  as  decreased  cell  adhesion.  The  data  indicate 
that  basal  kinase  actvitiy  of  PKG-I  is  essential  for  preventing  spontaneous  apoptosis  as  well  as 
promoting  cell  proliferation  and  cell  adhesion  via  the  ability  of  PKG-I  to  directly  phosphorylate 
Src  at  serine- 17,  which  in  turn  enhances  Src  autophosphorylation  at  tyrosine-419  and  Src 
activation,  in  malignant  mesothelioma  cells  and  non-small  cell  lung  cancer  cells. 

Figure  1.  A.  A  control  western  blot  showing  the  total  amount  of  Src  loaded  from  an  in 
vitro  kinase  assay.  B.  A  western  blot  showing  serine  17  phosphorylation  of  recombinant 
Src  by  recombinant  PKG-Is  after  an  in  vitro  kinase  assay,  using  a  P-Src  (serl7)-specific 
antibody.  C.  A  western  blot  showing  auto-phosphorylation  of  Src  at  tyrosine  416 
(tyrosine  419  in  human  Src)  in  the  presence  of  recombinant  PKG-I  in  an  in  vitro  assay, 
using  a  P-Src  (Tyr416)-specific  antibody. 

Figure  2.  A.  Western  blot  showing  that  treatment  with  ODQ  in  non-small  cell  lung 
cancer  cells  leads  to  a  decrease  of  phosphorylation  at  serine  position  17  of  Src,  indicating 
that  endogenous  Src  serine- 17  phosphorylation  is  dependent  on  the  endogenous  activity 
of  the  NO/cGMP/PKG-I  signaling  pathway.  Similar  results  are  found  in  three  malignant 
mesothelioma  cell  lines,  ME-13,  MSTO-21 1H  and  NCI-H2052. 


Figure  3.  A.  RT-PCR  showing  that  both  of  the  PKG-I  isofonns  are  knocked  down  by 
PKG-I-specific  shRNA  complexes.  B.  Western  blot  demonstrating  a  decrease  in  serine 
17  phosphorylation  in  PKG-I-specific  knockdown  non-small  cell  lung  cancer  cells. 

Figure  4.  A.  Caspase  3/7  activity  assay  showing  levels  of  apoptosis  in  PKG-I-specific 
shRNA-treated  NCI-H23  non-small  cell  lung  cancer  cells  are  significantly  increased 
compared  to  no  treatment  (No  trmt)  or  negative  control  shRNA.  B.  Levels  of  cell 
proliferation  are  decreased  in  PKG-I-specific  shRNA-treated  NCI-H23  non-small  cell 
lung  cancer  cells  compared  to  no  treatment  or  negative  control  shRNA. 

Figure  5.  A.  Western  blot  showing  that  treatment  with  8-Br-cGMP,  a  cell-permeable 
analog  of  cGMP  that  can  directly  activate  PKG-Ia/p,  leads  to  increased  phosphorylation 


at  serine  position  17  of  Src. 


In  vitro  experiment  using  recombinant  human  Src  and  recombinant  human 
PKG-Ia  and  PKG-ip  showing  phosphorylation  of  Src  at  serine-17  site  and 
autophosphorylation/activation  of  Src 
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